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Bacterial panicle blight of rice (BPB) caused by Burkholderia glumae is a major bacterial 
disease of rice in many rice-producing areas worldwide. Managing the disease is still very 
difficult due to the lack of effective methods. B. glumae strains show phenotypic and genomic 
variations; however, little variation was detected in the known virulence-related genes. In the 
present study, the complete genome of B. glumae 257sh-1, a natural avirulent strain, was 
sequenced and analyzed. Several spontaneous mutations in the regulatory genes of these 
avirulent strains were identified. Presumably, the accumulation of these mutations can have a 
negative effect on the normal function of this protein and be responsible for the avirulence 
phenotype. The bacterial quorum-sensing (QS) is an essential component for the regulation of 
major virulence-related functions in B. glumae, but questions remain regarding the function of 
QS as a global regulator for the pathogenicity, and its strain-specific function. RNA-sequencing 
was performed to identified potential virulence factors among the quorum sensing (QS) regulon. 
Among the differentially expressed genes, a serine metalloprotease (prtA) was down-regulated in 
the QS mutant. A prtA null mutant of 336gr-1, a virulent strain B. glumae, was generated to 
understand the function of this extracellular protein on rice pathogenesis. Inoculation of rice 
panicles with a prtA mutant resulted in a significant reduction in disease severity compared with 
the wild type parent strain, suggesting the requirement of this protease for the full virulence of B. 
glumae. Moreover, genetic studies comparing two virulent strains of B. glumae, 336gr-1 and 
411gr-6, and their respective QS mutants showed that the phenotypic variation previously 
observed between these two strains is associated with the differential gene regulation dependent 
upon two primary regulatory systems, TofI/TofR-mediated quorum sensing and QsmR.
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CHAPTER 1. GENERAL INTRODUCTION 
1.1. The Burkholderia genus  
The genus Burkholderia, belonging to the b subdivision of proteobacteria, was proposed 
to become a genus in 1992 to accommodate species belonging to the rRNA group II from a 
previously genetically diverse group, Pseudomonas (Yabuuchi et al. 1992). Since then, more 
than 100 species were classified within this genus (http://www.bacterio.net/burkholderia.html, 
2019), making it one of the most abundant bacterial genera described. Members of this genus are 
commonly found in nature inhabiting a wide range of ecological niches, and a large number of 
species can be found associated with higher organisms, acting as endophytes, symbionts, and 
pathogens (Compant et al. 2008).  
The majority of species within this genus are primarily inhabitants of the soil. Although 
not many comprehensive studies of the ecological function of Burkholderia species in the soil 
are available, a few critical biological functions known so far include mineralization of organic 
matter, decomposition of plant litter, degradation of pollutants such as crude oils, pesticides, and 
herbicides, suggesting that Burkholderiales are involved in multiple ecological processes 
(Štursová et al. 2012; Woo et al. 2014; Neumann et al. 2014; Pan et al. 2014; Coenye and 
Vandamme 2003). Furthermore, plant-associated Burkholderia spp. can live as endophytes, 
epiphytes, or free-living organisms on the root surface, assisting with nitrogen fixation, plant 
defense responses, plant growth promotion and improvement of plant fitness against stressful 
environmental conditions (Suárez-Moreno et al. 2012; Compant et al. 2008; Vandamme and 
Dawyndt 2011; Ciccillo et al. 2002; Menard et al. 2007; Perin et al. 2006). Although several 
Burkholderia species have an agricultural and biotechnological interest, the genera include 
human, animal, and plant pathogens. B. cepacia complex strains, B. pseudomallei, and B. mallei 
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are well-known species with clinical importance for mammalians and B. glumae, B. gladioli, B. 
plantarii, and other species were reported as important plant pathogens (Coenye and Vandamme 
2003; Compant et al. 2008; Stoyanova et al. 2007). 
Burkholderia species are notable for their morphological and phenotypic variation and 
metabolic versatility associated with the presence of multiple replicons (Mahenthiralingam, 
Urban, and Goldberg 2005; Compant et al. 2008; Coenye and Vandamme 2003). Multiple 
chromosomes (1 to 4) and multiple plasmids (0 to 5) can be found within species in this genus, 
with genome size range from approximately 3.75 to 10.64 Mb 
(https://www.ncbi.nlm.nih.gov/genome/Burkholderia). Insertion sequences and multiple genomic 
islands can be found across the genome, conferring genome plasticity and allowing them to 
inhabit a wide range of ecological niches (Go et al. 2006; Nierman et al. 2004; Compant et al. 
2008). In addition to that, Burkholderia species produce and secrete a large number of 
remarkably diverse extracellular products such as lipases, cellulases, chitinases, phospholipases, 
polygalacturonases, siderophores (Vial et al. 2007). 
Despite the significant variation among Burkholderia species, they were still classified as 
members of this genus based on rRNA-DNA, DNA- DNA hybridization, 16S rRNA sequence 
and fatty acid analysis (Compant et al. 2008). However, recently, multiple studies showed that 
this genus appeared to be polyphyletic and could be categorized into three main clades 
(Depoorter et al. 2016; Estrada-de los Santos et al. 2016). The genus, therefore, was proposed to 
be divided into two genera, the Burkholderia genera harboring the human, animal and plant 
pathogenic species with Burkholderia cepacea as type species and Paraburkholderia gen. nov. 
containing the environmental species with Paraburkholderia graminis as the type species 
(Sawana, Adeolu, and Gupta 2014). The division criteria were based on the phylogeny trees built 
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from 16S rRNA sequences and 21 conserved proteins, as well as unique genomic markers found 
through comparative genomics (Sawana, Adeolu, and Gupta 2014).  
1.2. Bacterial panicle blight of rice and its causal agent, Burkholderia glumae 
Burkholderia glumae. B. glumae is gram negative plant pathogenic bacteria, belonging 
to the Burkholderia genus. It is motile, aerobic, rod-shaped, and nonfluorescent bacteria (Schaad 
et al. 2001). It is closely related to other Burkholderia plant pathogenic species, as well as B. 
cepaceae complex, a group of opportunistic human pathogens (Sawana, Adeolu, and Gupta 
2014). As a matter of fact, B. glumae was isolated from a patient with a chronic granulomatous 
disease, indicating the possibility of opportunistic infection to human (Weinberg et al. 2007). B. 
glumae was first reported in Japan as a causal agent of seedling blight and grain rotting (Goto et 
al. 1956), and it is known to infect a broad host range (Jeong et al. 2003). 
Burkholderia glumae is a seed-born rice pathogen that can survive both inside and on the 
surface of rice seeds, and rice tissue (Tsushima 1996; Li et al. 2017, 2016). B. glumae population 
appears to epiphytically grow on the phylloplane during early stages of the rice development, 
and then migrate to the intracellular space where it can survive as endophytes until the start of 
booting stage (Li et al. 2016). During the booting stage, it multiplies on the surface of emerging 
panicles and penetrates the rice spikelet (Li et al. 2017). B. glumae multiplication on early 
booting stages allows the pathogen to infect flowers, causing abortion of the kernels before 
filling the grain (Tsushima 1996).  
Bacterial panicle blight of rice (BPB). BPB caused by Burkholderia glumae (and B. 
gladioli in less frequency) is a major bacterial disease of rice in the U.S. (Ham, Melanson, and 
Rush 2011). BPB is an emerging rice disease problem worldwide, and in Louisiana, yield loss of 
40% was reported for 1995 and 1998 growing seasons (Nandakumar et al. 2009). B. glumae, the 
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primary causal agent of BPB, favors warm weather with high day and night temperatures, and 
high humidity (Tsushima 1996).  
Despite the importance of BPB, management of this disease still very challenging due to 
the lack of effective methods (Zhou-qi et al. 2016). While the use of resistant rice varieties 
represents the more sustainable and the best long-term solution, only a few partially resistant 
varieties are available for growers (Ham, Melanson, and Rush 2011; Zhou-qi et al. 2016). 
Managing the disease through chemical controls measures are still very limited. Oxolinic acid, a 
quinolone antibiotic that acts inhibiting the DNA gyrase, is used to manage B. glumae in rice 
production in several countries, including Japan; however, it is not registered for use in the U.S. 
Importantly, the efficacy of oxolinic acid can be easily compromised because of the occurrence 
of resistant strains in the rice fields of Japan (Maeda et al. 2004). Developing biological control 
methods as an alternative to chemicals is also an important strategy for the management of BPB. 
A few biological agents with potential antagonistic activity against B. glumae and rice-growth 
promoting activity have been identified in studies conducted in the laboratory and field 
conditions (Suárez-Moreno et al. 2019; Shrestha et al. 2016). However, to the best of my 
knowledge, no commercial products are listed for B. glumae in the U.S. Nevertheless, the use of 
cultural practices such as planting of clean seeds, early planting, avoidance of excessive nitrogen 
fertilization and planting with appropriate density, is helpful to minimize the severity of the 
disease (Wamishe et al. 2014).      
Common symptoms of B. glumae infection are panicle blight, sheath rot, and seedling 
blight. Sheath infections lead to vertical grayish lesions surrounded by a dark reddish-brown 
margin. Panicles symptoms are characterized by straw-colored panicles with a reddish-brown 
line on the margin of the lesion (Sayler, Cartwright, and Yang 2006; Tsushima 1996). Panicles 
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become upright due to severe infection of the floret leading to failure of grain filling 
(Nandakumar et al. 2009). Despite a variety of symptoms caused by BPB, virulent strains of B. 
glumae could also be detected from symptomless seeds (Luo et al. 2007).  
1.3. Strain diversity of B. glumae 
Full genomic sequences of B. glumae strains can be found in NCBI genomic database 
(https://www.ncbi.nlm.nih.gov/genome/), which consist of only a few genomes fully sequenced, 
assembled and annotated. Up to date B. glumae BGR1, B. glumae PG1 and B. glumae LMG2196 
are the only set of sequences that are completed. Similar to other species within this genus, the 
genome size of B. glumae strains are relatively large, ranging from ~5.81 to 7.89 Mbp for B. 
glumae ATCC 33617 and PG1, respectively (https://www.ncbi.nlm.nih.gov/genome/genomes/).  
B. glumae is genetically diverse. The genetic information is compartmentalized into two 
chromosomes with a variable number of plasmids (0 to 4). Comparison among B. glumae strains 
BGR1, LMG2196 and PG1 showed a larger departmentalization of genes in BGR1 compared to 
the other two strains, where BGR1 contains two chromosomes and four plasmids while PG1 
harbor two chromosomes and no plasmid (Lee et al. 2016). Interesting fact, even though no 
plasmids were identified in PG1, its chromosomes are significantly larger than BGR1, while a 
significant downsizing in the genome of LMG2196 was found (Lee et al. 2016). It is common 
that the presence of unique genomic regions is associated with mobile elements, phage 
sequences, and genomic islands across the genome, which might help to explain the versatility of 
this bacterial species in different environments and a broader association with different host 
plants (Francis et al. 2013; Lee et al. 2016). Also, phylogenetic analyses showed variation in 
genome structure. Two and three phyletic groups were observed from BOX- and ERIC-PCR, 
respectively. A correlation was found among virulent non-pigmented strains, but genetic 
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relatedness among the strains tested was regardless of geographic location (Hari S. Karki et al. 
2012). 
B. glumae strains are also phenotypically diverse, infecting a large number of plants 
species ranging from monocot to dicot (Jeong et al. 2003). Among 400 strains isolated from 
infected rice plants, some strains appear to be highly aggressive showing symptoms in both 
panicles and seedlings, while others were observed causing no symptoms, only symptoms on the 
panicles or producing weak to moderate symptoms on either panicles or seedlings (Nandakumar 
et al. 2009).  Field isolates of B. glumae also differ in terms of toxin production, which correlates 
with the virulence phenotype, and a large number of isolates produce pigments on CPG agar 
medium (Hari S. Karki et al. 2012). Some pigment-producing strains of B. glumae showed an 
intense antifungal activity against Colletotrichum orbiculare (Hari S. Karki et al. 2012).   
1.4. Burkholderia glumae virulence factors 
Infection of rice by B. glumae is a multifactorial process requiring numerous virulence 
factors (Ham, Melanson, and Rush 2011). Known major virulence factors are toxoflavin, lipase, 
type III secretion effectors, and flagella-dependent motility (Zhou-qi et al. 2016). 
Toxoflavin. The phytotoxin, toxoflavin, is crucial for the bacteria competition and 
pathogenicity. The anti-microbial or pathogenicity function of this toxin is due to the fact 
toxoflavin is more efficient electron-carrier than the plant cytochrome system and bypasses the 
cytochrome oxidase under aerobic conditions, generating hydrogen peroxide as a by-product 
(Latuasan and Berends 1961). Hydrogen peroxide is a toxic by-product of normal cell 
metabolism; however, its concentration is under tight regulation of the intercellular metabolic 
network and by the antioxidative system. Treatment of high concentration of hydrogen peroxide 
led to severe stress phenotypes in rice plants (Wan and Liu 2008); therefore, it is likely that the 
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toxicity caused by toxoflavin is due to the presence of high level of hydrogen peroxide. The 
toxin biosynthesis is encoded within the toxABCDE operon, whether its transport is encoded 
within the adjacent operon, toxFGHI (Jinwoo Kim et al. 2004). Toxoflavin-deficient strains 
retain the ability to cause disease in susceptible rice cultivar, but at a much lower level compared 
to the wild type (Jinwoo Kim et al. 2004).  
Lipase. Lipases are a well-studied group of hydrolases capable of hydrolyzing 
triacylglycerols and synthesize acylglycerol esters, having a particular interest for industrial 
applications. Studies with lipases functioning as virulence factors for plant pathogenic bacteria 
are relatively recent (Devescovi et al. 2007; Reis, Pfiff, and Hahn 2005; Voigt, Schäfer, and 
Salomon 2005; Jha, Rajeshwari, and Sonti 2007). In B. glumae, lipase is known to be delivered 
through type II secretion system and is under the regulation of the quorum sensing system (Kang 
et al. 2008; Devescovi et al. 2007), suggesting that, the secreted lipase is a virulence factor of 
this pathogen. In fact, B. glumae strains defective in lipA-encoding lipase induced considerably 
fewer symptoms in rice plants than its parent strain (Devescovi et al. 2007).  
 Flagella. Bacterial motility is essential for the movement of bacteria towards a favorable 
environmental condition in response to chemical stimuli. The majority of bacterial cells move 
employing flagella; although, type IV pili and fibrils also contribute to the bacterial movement 
(Youderian 2004). In addition to bacterial motility, flagella are also required for biofilm 
formation, protein export, and adhesion (Haiko and Westerlund-Wikström 2013). Flagella is also 
considered as a virulence factor, assisting bacteria movements towards infection site and also 
play an important role in the bacterial adhesion to the host cells (Haiko and Westerlund-
Wikström 2013; Matilla and Krell 2018). Nevertheless, flagellum-deficient mutants of B. glumae 
BGR1 were less virulent to rice plant compared with the wild type strain (Jinwoo Kim et al. 
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2007). Even though flagella are an essential component for pathogenesis, flagellin, one of the 
primary proteins for the flagella assembly can be recognized by plant receptors, such as pattern-
recognition receptors (PPRs), which leads to the activation of immune responses in the host plant 
(Pel and Pieterse 2012).  
Type III effectors. B. glumae was reported to induce HR in tobacco leaves in a type 
three secretion system (T3SS)-dependent manner (Kang et al. 2008). A T3SS hrpB deficient 
mutant inoculated in rice plants showed reduced virulence compared to the wild type strain 
(Kang et al. 2008), indicating that the T3SS also contributes to the full virulence of B. glumae. 
Nevertheless, no type III effector has been comprehensively characterized in the study of B. 
glumae up to now.  
Other virulence factors. B. glumae genome encodes for pehA and pehB endo-
polygalacturonase. The pehB is dependent of the TofI-TofR QS system for its transcription but 
not pehA (Degrassi et al. 2008). Since the QS system is the primary regulatory system for the 
bacterial pathogenesis, it is possible that at least pehB encoding an endo-polygalacturonase is 
also required for the virulence. Polygalacturonase has been described as an important virulence 
factor for other plant pathogenic bacteria (Huang and Allen 2000, Wang et al. 2008). B. glumae 
mutants of pehA and pehB genes individually retain its ability to cause disease on rice plants and 
a double mutant deficient in both enzymes were not completed; therefore, the role of endo-
polygalacturonase in virulence still inconclusive (Degrassi et al. 2008). Catalase encoding gene 
can also be an important virulence factor. katG of B. glumae is essential for the protection of the 
bacterial cells from visible light, and it is dependent on QsmR for its transcription (Chun et al. 
2009). B. glumae BGR1 KatG deficient mutant still producing toxoflavin but cause reduced 
disease severity in rice plants, providing evidence of its role in the bacterial virulence (Chun et 
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al. 2009). B. glumae also produce and secrete a serine extracellular protease named PrtA (Lelis et 
al. 2019). prtA is solely responsible for the extracellular protease activity of B. glumae 336gr-1, 
and it is dependent upon the TofI-TofR QS system and QsmR for its transcription (Lelis et al. 
2019). The extracellular protein is secreted through the type II secretion system, and 336gr-1 
mutant of prtA showed less virulence on rice plants ((Lelis et al. 2019). For a full description of 
PrtA can be found in chapter 3. Extracellular enzymes involved in virulence functions in B. 
glumae such as lipases, proteases are primarily delivered through the type II bacterial secretion 
system. Recently, proteomics studies of B. glumae BGR1 showed that type II and type III 
secretion system are also required for the full virulence of this pathogens (Kang et al. 2008). The 
virulence phenotype is most likely because of the repertoire of enzymes secreted. Sixteen 
proteins were found to be secreted by the type II secretion system and 21 enzymes having a 
harpB-binding sequence; however, their secretion was independent of type III secretion 
machinery. Even though type III effectors could not discriminate from this study, T3SS-deficient 
mutant showed lesser virulence on rice panicles, providing evidence for its role in the 
pathogenicity (Kang et al., 2008).   
1.5. Virulence-related genes regulation in Burkholderia glumae 
The ability of a bacterial pathogen to successfully infect and colonize host plants is 
dependent on the production of pathogenic determinants that overcome host defense systems. 
Expression of the virulence factors depends on the ability of the pathogen to sense changes in the 
surrounding environment encountered upon interaction with the host cell to modulate gene 
expression for survival. Such coordination is tightly regulated by several intercellular and 
intracellular signaling systems essential for the overall ecological fitness of the bacterial 
pathogen.  
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Quorum-sensing (QS). QS is a cell density-dependent signaling responsible for bacterial 
cell communication in order to coordinate the social behaviors of bacterial cells. Different 
bacterial species utilize different types of signal molecules such as N-acyl homoserine lactones 
(AHLs), oligopeptides, autoinducer-2 (AI-2) molecules, and unsaturated fatty acids called 
diffusible signal factors (DSFs) (Ham 2013). In B. glumae, major virulence factors are mainly 
regulated by a global regulatory QS system mediated by LuxI-LuxR homologs, TofI-TofR 
(Zhou-qi et al. 2016). TofI is a quorum sensing autoinducer synthase responsible for the 
biosynthesis of two different AHL molecules, N-octanoyl homoserine lactone (C8-HSL) and N-
hexanoyl homoserine lactone (C6-HSL). TofR encodes a cognate receptor, which AHL 
molecules bind to (Jinwoo Kim et al. 2004). The TofI/TofR mediated QS is responsible for 
regulating flagella, lipase, and toxoflavin (Jinwoo Kim et al. 2004, 2007; Devescovi et al. 2007). 
Toxoflavin regulation by the QS system requires the expression of two additional 
transcriptional regulators, ToxJ and ToxR. The C8-HSL-TofR complex binds to the lux box-like 
sequence and activates the expression of toxJ, which is required for the expression of toxR 
(Jinwoo Kim et al. 2004). ToxR is a LysR-type transcription regulator that requires toxoflavin as 
co-inducer, and the expression of toxoflavin biosynthesis and transport operon require the 
simultaneous binding of ToxR and ToxJ (Jinwoo Kim et al. 2004).  
QsmR. QsmR, an IclR-type transcriptional regulator, was first reported as a regulatory 
component for the flagella biosynthesis, and it is dependent on the TofI-TofR-mediated QS for 
its transcription (Jinwoo Kim et al. 2007). Since its first reports, multiple functions of this 
regulatory protein were elucidated. QsmR is essential for the bacterial pathogenicity due to 
genetic regulation exerted on flagella biosynthesis, and the expression of type II secretion system 
genes (Goo et al., 2010) which are responsible for the secretion of important virulence factors 
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such as lipase and protease. Consistent with its regulatory function on virulence factors, a qsmR 
deficient mutant failed to cause disease on rice plants (Jinwoo Kim et al. 2007). Moreover, 
QsmR is essential for survival of the bacterial cells under various stress conditions. QsmR 
regulates expression of universal stress proteins (Usps) genes, and mutants deficient in QsmR-
dependent usp are more sensitive to heat shock (H. Kim et al. 2012). It also activates the 
expression of a catalase gene, katG, which functions by eliminating reactive oxygen species and 
preventing damage from oxidative stress (Chun et al. 2009). QsmR is also a key player for 
survival to stress condition during the stationary phase and the regulation of the primary bacterial 
metabolism of individual cells in favor of a cooperative population. As population level 
increases, secreted compounds such as ammonia can be toxic to the bacterial cell; to counteract 
ammonia production, QsmR activates the expression of enzymes responsible for the production 
of oxalate, which is used to neutralize alkaline toxicity of ammonia (Goo et al. 2012). In addition 
to that, it negatively regulates glucose uptake and nucleotide synthesis in individual cells in order 
to maintain metabolic homeostasis in a cooperative population (An et al. 2014).  
1.6. Other regulatory factors for virulence 
 Two-component regulatory system. Bacterial cells modulate their gene expression in 
response to various environmental clues such as osmolarity, variation in pH and temperature, 
nutrient starvation, which relies on the two-component regulatory system (TCRS) (Stock et al. 
2000). TCRS consists of a sensor protein, which is a membrane-bound sensor kinase and a 
DNA-binding response regulator (Dev Alexander Mitrophanov, Groisman, and Mitrophanov 
2014). In the KEGG database for B. glumae BGR1, 158 genes annotated function as a two-
component regulatory system (http://www.genome.jp/kegg/). Recently, a TCRS comprised by a 
sensor histidine kinase named pidS and a response regulator, pidR, were identified in B. glumae.  
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PidS/PidR were shown to be required for pigment production and elicitation of the 
hypersensitive response in tobacco leaves which is dependent upon the type III secretion 
effectors (Hari Sharan Karki, Barphagha, and Ham 2012).  
The role of two negative regulators for toxoflavin production. Virulence factors are 
under tight regulation by several components in order to guarantee their expression during 
appropriate conditions. Recently, novel negative regulators of toxoflavin production NtpR and 
TepR identified through screening a library of miniTn5gus random mutants (Melanson et al. 
2017). ntpR encodes for a LysR-type transcriptional regulator while tepR encodes for a s54-
dependent response regulator. B. glumae 336gr-1 derivatives of ntpR and tepR produce a higher 
level of toxoflavin compared to its parent strains (Melanson et al. 2017). Additional studies are 
required to better understand the function of these negative regulators and its place in the 
regulatory cascade of toxoflavin regulation.  
Global small RNA chaperone. The hfq encodes for a small RNA chaperone with a 
global regulatory function by interacting with bacterial small RNAs (sRNA). It exerts control 
over multiple phenotypes in Escherichia coli such as population growth, cellular morphology, 
and control over stress conditions (Tsui et al. 1994). As a regulatory system for pathogenesis, 
Hfq controls virulence in Vibrio cholerae, E. coli, and many other bacterial pathogens (Chao and 
Vogel 2010). In B. glumae, two hfq genes were identified, hfq1 and hfq2 (Jieun Kim et al. 2018). 
Both Hfq proteins were showed to control virulence-related genes; however, Hfq1 showed to be 
more critical once levels of toxoflavin production and bacterial motility were significantly 
reduced in this mutant compared to Hfq2 and parent strain (Jieun Kim et al. 2018). Nevertheless, 
inoculation of both mutants in rice panicle show reduced disease severity compared to the wild 
type (Jieun Kim et al. 2018).  
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CHAPTER 2. COMPARATIVE GENOME ANALYSIS OF BURKHOLDERIA GLUMAE 
STRAINS HAVING DIFFERENT PATHOGENIC TRAITS AND GEOGRAPHIC 
ORIGINS 
 
2.1. Introduction  
Recent advances in DNA sequencing technologies have enabled a revolution in the most 
diverse field of the biological sciences, especially those applied to genomics. In this way, the 
current platforms of high-throughput sequencing have been used to understand better the 
genomic diversity of microbes, as well as the mechanisms involved in the expression of genes of 
these organisms in the most diverse environments. It is now possible to analyze the complete 
genome and assess genetic variation at the nucleotide level. It can contribute to the 
understanding of evolution and epidemiology of pathogens, assess and classify complex 
communities of microbial populations, including microbial species that cannot be cultured, and 
determine variations in genome structure and protein-coding loci within species (MacLean, 
Jones, and Studholme 2009; Land et al. 2015). The abundance of genomic information allowed 
researchers to make inferences of the biological process by comparing sequence organization, 
composition, and function of genes; moreover, allowing for a systematic study of organisms.  
Genomic studies of phytopathogenic bacteria provided relevant information about the 
mechanisms of pathogenesis and adaptation to different environments. Members of the genus 
Burkholderia are gram-negative bacteria that are widely distributed in diverse ecological niches 
(Coenye and Vandamme 2003). The basis of the remarkable diversity in the ecological habitats 
of the order Burkholderiales is associated with the presence of large multiple replicons, insertion 
sequences, and multiple genomic islands, allowing for genome plasticity and intragenomic 
rearrangements (Go et al. 2006; Nierman et al. 2004; Compant et al. 2008).  
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The phytopathogenic species of Burkholderia cause diseases for a variety of plants 
(Coenye and Vandamme, 2007). B. glumae was first reported in Japan as a causal agent for 
seedling blight and grain rotting (Goto et al. 1956). In the U.S., bacterial panicle bight caused by 
B. glumae is the primary bacterial disease of rice (Ham, Melanson, and Rush 2011). Bacterial 
panicle blight is also a frequent problem in several rice-producing areas worldwide (Zhou-qi et 
al. 2016). The pathogen infection leads to the sterility of the spikelets and discoloration of the 
emerging grains, impacting the productivity and quality of the rice grains (Nandakumar et al. 
2009).   
Despite the economic impact caused by B. glumae on rice production worldwide, only a 
few full genomic sequences of B. glumae strains can be found in the NCBI genomic database 
(https://www.ncbi.nlm.nih.gov/genome/). The first full genome sequence of B. glumae (BGR1) 
was reported in 2009. This information revealed that BGR1 genome is organized into two 
chromosomes and four plasmids with high G+C content (68%), and many of the essential 
virulence factors for rice pathogenicity are located in the chromosome two (Lim et al. 2009). In 
addition to that, analyses of the complete genome of other strains of B. glumae revealed that this 
pathogen is genetically diverse like other species within the genus. Comparative genomics 
between B. glumae strains BGR1, LMG2196 and PG1 showed that genetic information is 
compartmentalized into two chromosomes for all strains while the number of plasmids is 
variable (0 to 4) (Lee et al. 2016). It is also shared that the presence of unique genomic regions 
usually associated with mobile elements, phage, and genomic islands (Francis et al. 2013; Lee et 
al. 2016).  
In a previous study conducted by Nandakumar et al. (2009), 276 strains of B. glumae 
were isolated from infected rice plants in the southern border of U.S. Field strains showed 
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asymptomatic, moderate or hypovirulence on rice panicles. These phenotypic variations are 
presumably associated with the production of virulence determinants. In fact, 20 strains were 
selected for a more comprehensive phenotypic characterization, and all the virulent strains 
produced toxoflavin, a critical virulence for B. glumae, while the avirulent strains did not (Karki 
et al. 2012). Eleven strains of B. glumae were identified as natural avirulent strains. B. glumae 
257sh-1 did not induce symptoms on onion scale or rice panicles, and neither produce toxoflavin 
on LB and King’s B agar (Karki et al. 2012). However, the genetic background underlying this 
phenotype had not been characterized until this study. In the present study, the complete genome 
of B. glumae 257sh-1, a natural avirulent strain, was sequenced and analyzed. The 257sh-1 
genome sequence was compared to two virulent strain, 336gr-1 and BGR1, to elucidate the basis 
of naturally-occurring avirulent strains of B. glumae.  
2.2. Materials and Methods 
2.2.1. Genome sequencing and assembly of B. glumae 257sh-1 
Genomic DNA was extracted using the GenElute Bacterial Genomic DNA Extraction kit 
(Sigma- Aldrich). NanoDrop ND-100 Spectrophotometer (NanoDrop Technologies, Inc., 
Wilmington, DE, USA) was used to assess the quality and quantity of DNA sample. 
Approximately 30 μg of total genomic DNA was sent to ChunLab (Seoul, South Korea) for 
quality assessment, library preparation, full genome sequencing, and assembly. Libraries were 
prepared using “20-kb Template Preparation Using BluePippin™ Size-Selection System using 
PacBio DNA Template Prep Kit 1.0” following the manufacturer’s instructions (Pacific 
Biosciences, USA). Libraries were sequenced using PacBio P6C4 chemistry in 8-well-SMART 
Cell v3 in PacBio RSII. Sequencing data were assembled with PacBio SMRT Analysis 2.3.0 
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using the HGAP2 protocol (Pacific Biosciences, USA). Resulting contigs from PacBio 
sequencing data were circularized using Circlator 1.4.0 (Hunt et al. 2015).  
Genome sequence assembly for BGR1 (GenBank assembly accession: 
GCA_000022645.2) and 336gr-1 (GenBank assembly accession: GCA_000503955.1) were 
retrieved from the NCBI database. 
2.2.2. Genome annotation of B. glumae strains 
Bacterial genome annotation was attained by submitting the full nucleotide sequence to 
Rapid Annotations using Subsystems Technology (RAST) (Aziz et al. 2008). RAST is an 
automated web-based server that identifies open reading frames and classifies it into a series of 
subsystems. The full genome sequence of 257sh-1 was also submitted to the NCBI for 
annotation using the prokaryotic genome annotation pipeline (PGAP) (Tatusova et al. 2016) 
2.2.3. Comparative genome analysis 
Comparative genome analyses were carried out with progressive Mauve snapshot_2015-
02-25 (http://darlinglab.org/mauve/download.html). Mauve is a Java-based tool that identified 
conserved regions in the genome that are free of reagents that are grouped in blocks while 
aligning the sequences from a multi-fasta file. It also provides a built-in viewer, facilitating 
visualization of genome sequence alignment (Darling, Mau, and Perna 2010).  
2.3. Results 
2.3.1. Genome sequencing and comparison 
For comparative genome analyses of  Burkholderia glumae strains, the genome assembly 
of BGR1 (Lim et al. 2009) and 336gr-1 (Francis et al. 2013) obtained from NCBI database 
(https://www.ncbi.nlm.nih.gov/assembly/?term=Burkholderia+glumae+) were compared to 
257sh-1 obtained from ChunLab. Among the three genomes compared, BGR1 harbors the largest 
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genome with a total size of 7,284,636 bp, while 336gr-1 has a genome of 6,511,812 bp and 
257sh-1 has one of 6,691,685 bp (Table 2.1). The genetic material is organized in two 
chromosomes and four plasmids in BGR1, while two chromosomes are in 336gr-1 and two 
chromosomes and two are plasmids in 257sh-1 (Table 2.1). In order to gain insights into 
genomic variation among B. glumae strains, genome sequences of BGR1, 336gr-1, and 257sh-1 
were aligned using the open-source Mauve aligner (Fig. 2.1). Twelve locally collinear blocks 
(LCBs) from chromosome one and two are shared among the strains (Fig. 2.1). LCBs represent 
regions that are homologous and likely free of genomic rearrangement. These blocks indicate 
significant conservation in the genome among the three strains, especially for chromosome 2. 
Vertical lines inside the blocks represent the presence of regions that are unique for each strain. 
These unique regions are predominant in chromosome 1 (Fig. 2.1), and plasmid alignment shows 
a large variability (Fig. 2.1).  
Table 2.1. Genome features of B. glumae BGR1, 336g-1, and 257sh-1 
 
 BGR1 336gr-1 257sh-1 
Chromosome 1 3,906,507 bp 
(3,495 genes) 
 3,537,953 bp 
Chromosome 2 2,827,333 bp 
(2,286 genes) 
 2,763,738 bp 
Plasmid 1 133,579 bp 
(144 genes) 
 214,469 bp 
Plasmid 2 141,792 bp 
(121 genes) 
 175,525 bp 
Plasmid 3 141,067 bp 
(143 genes) 
  
Plasmid 4 134,369 bp 
(115 genes) 
  
Total Size 7,284,636 bp  
(6,304 genes) 





Figure 2.1. Multiple genome alignment for three Burkholderia glumae strains: B. glumae BGR1, 
336gr-1, 257sh-1 using Mauve. Locally collinear blocks (LCBs) with the same color connected 
by lines indicate the homology regions. Lines or colored bars inside each block represent lower 
sequence similarity or unique regions. The red colored vertical line represents chromosome and 
plasmid boundaries. Sequences are organized in the order of by chromosome 1, chromosome 2, 
plasmid 1, plasmid 2, plasmid 3, and plasmid 4.  
 
2.3.2. Conservation of protein distribution among strains by COGs 
Protein functional categories classification and distribution were determined by BLAST 
alignment against a cluster of ortholog group database using a customized web server for protein 
analyses (Wu et al. 2011). The COG database classifies proteins into 23 functional categories 
based on the cellular process and signaling, information storage and processing, metabolism, and 
poorly characterized (Roman, Eugene, and Lipman 2007). COG classification provides a 
possibility to identify missing conserved protein families from different genomes, helping to 
understand biological processes such as environmental adaptation or host specificity. The full 
protein sequences of BGR1, 336gr-1, and 257sh-1 were subjected to WebMGA 
(http://weizhong-lab.ucsd.edu/webMGA/server/cog/). The comparison of COG distribution 






Figure 2.2. Protein distribution based on function classification of a cluster of orthologous 
groups (COG) among B. glumae BGR1, 336gr-1 and 257sh-1. All the annotated proteins 
encoded in the genome of each strain were assigned to COG categories. Horizontal lines 
represent the percentage of the COG distribution for each genome.   
  
2.3.3. Genome‑wide metabolic pathway analysis 
In order to obtain an overview of the biological network of B. glumae strains and build a 
genome-wide metabolic pathway, full protein sequences of 336gr-1 and 257sh-1 were subjected 
to Kyoto Encyclopedia of Genes and Genomes (KEGG) for the annotation using BlastKOALA 
(Kanehisa, Sato, and Morishima 2016). BGR1 metabolic pathways were retrieved from the 
KEGG database, which currently contains 122 metabolic pathways 
(http://www.genome.jp/kegg/). BGR1 had the highest number of genes associated to most of the 
metabolic pathways such as biosynthesis of secondary metabolites, microbial metabolism in 
diverse environments, carbon metabolism; although, differences in gene abundance were not 
very high (Fig. 2.3). Three metabolic pathways showed a higher discrepancy in gene abundance. 
BGR1 has a higher number of genes associated with biosynthesis of amino acids (182 genes), 





Translation, ribosomal structure and biogenesis RNA processing and modification
Transcription Replication, recombination and repair
Chromatin structure and dynamics Cell cycle control, cell division, chromosome partitioning
Nuclear structure Defense mechanisms
Signal transduction mechanisms Cell wall/membrane/envelope biogenesis
Cell motility Extracellular structures
Intracellular trafficking, secretion, and vesicular transport Posttranslational modification, protein turnover, chaperones
Energy production and conversion Carbohydrate transport and metabolism
Amino acid transport and metabolism Nucleotide transport and metabolism
Coenzyme transport and metabolism Lipid transport and metabolism
Inorganic ion transport and metabolism Secondary metabolites biosynthesis, transport and catabolism
General function prediction only Function unknown
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while 336gr-1 and 257sh-1 have 142 and 139 genes, respectively. Biosynthesis of antibiotics has 
a more profound reduction in the number of genes among strains. While BGR1 and 336gr-1 
harbor 274 and 266 genes involved with biosynthesis of antibiotics, respectively, 257sh-1 carries 
223 genes (Fig. 2.3). 257sh-1, on the other hand, harbors 87 genes involved in bacterial 
chemotaxis while BGR1 and 336gr-1 harbor 52 and 72, respectively (Fig 2.3).  
 
Figure 2.3. Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway distribution among B. 
glumae BGR1, 336gr-1, and 257sh-1. Distribution of selected KEGG pathways is shown along 
with the X-axis show. The left Y-axis indicates the number of genes and the right Y-axis 
represents standard deviation of gene abundance among strain in each KEGG pathway.  
 
2.3.4. Pathogenicity and regulatory genes involved in rice associated B. glumae strains 
The pathogenesis of B. glumae is a complex process, requiring multiple virulence factors 
(Zhou-qi et al. 2016). Since B. glumae strain 257sh-1 was found as a naturally virulent strain, 
understanding the distribution of virulence-related genes and its regulatory system is essential to 
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B. glumae pathogenesis (Kim et al. 2004). Five genes are involved in the toxin biosynthesis 
(toxABCDE) and four in its transport (toxFGHI). Toxoflavin biosynthesis and transport genes 
were conserved in the virulent and avirulent strains of B. glumae (Table 2.2). Virulence-related 
enzymes are important pathogenic determinant in B. glumae (Ham, Melanson, and Rush 2011). 
Genes encoding serine metalloprotease (prtA), lipase (lipA), catalases (katG) and 
polygalacturonases (pehA and pehB), which are already characterized as virulent factors in B. 
glumae, are present in all strains tested (Table 2.2). Additional potential virulence factors such as 
cellulase, lipases chaperone, and polygalacturonase were also found in B. glumae strains (Table 
2.2).  
Extracellular enzymes and effectors required for pathogenicity in gram-negative bacteria 
are secreted by at least six distinct secretion systems (Mecsas and Green 2016). Therefore, these 
secretion machineries can be a pathogenicity determinant. Similar to previous studies (Nguyen et 
al. 2018; Seo et al. 2015; Angus et al. 2014), only three types of secretion systems were found in  
B. glumae BGR1, 336gr-1 and 257sh-1. Type I, IV, and V secretion systems were absent in all B. 
glumae strains. A single conserved type II secretion system cluster and a type III secretion 
system cluster could be identified in chromosome 1 and chromosome 2 of all strains, 
respectively (Fig. 2.4B). Similarly, four type VI secretion systems were identified in all strains, 
one cluster in chromosome 1 and three in chromosome 2 (Fig. 2.4B). The four type VI secretion 
systems were previously identified in B. glumae BGR1, belonging to the subtype T6SS-1, 
T6SS2, T6SS-4, T6SS-5 (Nguyen et al. 2018) (Fig. 2.4B), based on the nomenclature proposed 
by Shalom (Shalom, Shaw, and Thomas 2007). Based on the Mauve alignment of the type six 
secretion system, the T6SS-1 is highly conserved among strains, while the T6SS2, T6SS-4, 
T6SS-5 underwent some genetic rearrangement within the cluster (Fig. 2.5).  
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TofI/TofR mediated QS in B. glumae is responsible for regulating most of the known 
virulence factors (Zhou-qi et al. 2016). The AHL synthase (tofI) and its cognate receptor (tofR) 
as well the transcriptional regulator tofM were present in chromosome 2 for all strains (Fig 
2.4A). Similarly, additional regulatory genes, toxR, toxJ, and qsmR were also distributed across 
all B. glumae strains (Fig. 2.4A). Since all of the known virulence factors and regulatory proteins 
could be found in B. glumae 257sh-1, it is possible that genetic mutation altered the function of 
these genes. The coding region and protein sequence of the known regulatory genes was aligned 
using MUSCLE v3.6 (Edgar 2004), but only alignments of protein sequences are shown in this 
chapter. Sequences for all the regulatory genes are homologous for B. glumae BGR1 and 336gr-
1, except for toxJ (Fig. 2.4A) (Fig 2.6D). 257sh-1 showed several point mutations in all 
regulatory genes compared to BGR1 and 336gr-1; however, most of them were synonymous 
substitutions and did not reflect in amino acid changes for all regulatory components. Amino 
acid sequence differences were presented in TofM, which had a substitution of glycine to an 
arginine, TofR which had a substitution of alanine to a threonine and QsmR had a substitution of 
threonine to a lysine (Fig. 2.6B, C, and F).  
Table 2.2. Distribution of genes encoding virulence factors among Burkholderia glumae strains 
analyzed. 
 BGR1a 336gr-1b 257sh-1c 
Toxoflavin 
biosynthesis 
bglu_2g06400 fig|1.648.peg.5852 EXE55_24660 
bglu_2g06410 fig|1.648.peg.5851 EXE55_24665 
bglu_2g06420 fig|1.648.peg.5851 EXE55_24670 
bglu_2g06430 fig|1.648.peg.5849 EXE55_24675 




(Table 2.2 continued) 
Toxoflavin transport 
bglu_2g06350 fig|1.648.peg.5858 EXE55_24635 
bglu_2g06360 fig|1.648.peg.5858 EXE55_24640 
bglu_2g06370 fig|1.648.peg.5856 EXE55_24645 
bglu_2g06380 fig|1.648.peg.5855 EXE55_24650 
Lipase 
bglu_2g07730 (LipA) fig|1.648.peg.5684 EXE55_17410 
bglu_2g07740 fig|1.648.peg.5683 EXE55_17405 
Polygalacturonase 
bglu_2g07060 (pehB) fig|1.648.peg.5777 EXE55_17805 
bglu_1g15100 (pehA) fig|1.648.peg.3006 EXE55_02990 
bglu_2g18930 fig|1.648.peg.4328 EXE55_19475 
bglu_2g11820 fig|1.648.peg.5165 EXE55_26830 
Cellulase bglu_2g21310 fig|1.648.peg.4053 EXE55_20775 
Serine 
metalloprotease 
bglu_1g16590 (prtA) fig|1.648.peg.433 EXE55_24100 
a NCBI locus tag 
b RAST annotation ID 






Figure 2.4. Distribution of genes and gene clusters involved in the regulation and secretion of 
virulence factors in B. glumae BGR1, 336gr-1, and 257sh-1. A. The dark blue color is 
corresponding to the genes that are present and share 100 % amino acid identity, and light color 
represents the number of point mutations within the sequence. B. Dark and light blue colors 




Figure 2.5. Multiple sequence alignment for the T6SSs of three Burkholderia glumae strains: B. 
glumae BGR1, 336gr-1, 257sh-1 using Mauve. Locally collinear blocks (LCBs) with the same 
color connected by lines indicate the homology regions. The red colored vertical line represents 





tofI tofM tofR qsmRtoxJ toxR
Regulatory genes
TISS TIISS TIIISS  TIVSS  TVSS
TVISS clusters











T6SS-1 T6SS-2 T6SS-4 T6SS-5 
 32 
2.4. Discussion 
The complete genome sequences of B. glumae 257sh-1, BGR1 and 336gr-1 
enabled comprehensive comparative genome studies for the rice-pathogenic bacterium B. 
glumae. B. glumae 257sh-1 was isolated from rice plants showing bacterial panicle blight 
symptoms; however, comprehensive greenhouse and field studies showed that this strain does 
not induce symptoms on onion scale and rice plants (Karki et al., 2012; Nandakumar et al., 
2009). It is expected that a comprehensive characterization of genome composition and 
organization, as well as comparison of metabolic pathway and distribution of virulence-related 
genes, can help to determine the nature of avirulence in 257sh-1.  
Comparative genome studies of the three B. glumae strains revealed a downsized in 
genome size of 336gr-1 and 257sh-1, a virulent and avirulent strain isolated in the U.S., 
respectively. BGR1 harbors four plasmids, while 257sh-1 has two (Table 2.1). Genomic 
alignment using Mauve showed the presence of twelve LCBs that are shared in chromosome 1 
and 2 of all strains (Fig. 2.1). LCBs cover most of the chromosomes, indicating high similarities 
among strains. Even though there is some genomic rearrangement, it is noteworthy that the 
chromosome 1 is more variable than the chromosome 2 among all strains, which is indicated by 
the colorless regions (i.e., unique or lower homologous sequences) inside LCB. Some of the 
unique regions present in the chromosome 1 of BGR1 and 336gr-1 were predicted as 
corresponding to genomic islands (Francis et al. 2013). In the case of 257sh-1, the 
characterization of the unique regions needs further analyzes. Chromosome 2 underwent some 
genomic rearrangements but appeared to be more conserved. Nonetheless, most of the known 
virulence factors of B. glumae can be found in chromosome 2 (Lim et al. 2009). Chromosome 2 
of B. glumae 336gr-1 and 257sh-1 shared less genomic rearrangement than with BGR1, which 
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may be associated with geographic regions where these strains were isolated. BGR1 was isolated 
in Korea (Lim et al. 2009), while 336gr-1 and 257sh-1 were isolated in the U.S. (Nandakumar et 
al. 2009). Even though some genomic variation were found among B. glumae strains compared, 
the patterns of the protein functional categories and its distribution (COGs) were highly similar 
among the strains (Fig. 2.2).  
Also, most of the KEGG pathway is conserved among strains. Differences can be found 
in some specific metabolic pathways such as biosynthesis of amino acids, biosynthesis of 
antibiotics, and bacterial chemotaxis (Fig. 2.3). Burkholderia species are known to produce a 
large number of secondary metabolites with antibiotic activity (Depoorter et al. 2016). B. glumae 
is known for the production of the toxoflavin (Jeong et al. 2003), which serves for the bacterial 
competition and plant pathogenicity. In addition to that, it also produces a bioactive pyrazole 
with antibacterial activity (Mitchell, Greenwood, and Sarojini 2008). More recently, B. glumae 
411gr-6, a virulent strain, which displays antifungal activity against Rhizoctonia solani (Karki et 
al. 2012), was shown to produce phencomycin, an antimicrobial metabolite with broad-spectrum 
antimicrobial activity (Han et al. 2014). Antifungal activity of 336gr-1 and 257sh-1 was also 
tested against Rhizoctonia solani (Karki et al. 2012). Even lacking toxoflavin production, B. 
glumae 257sh-1 had a higher antifungal activity compared to 336gr-1, suggesting that its 
antagonistic activity is independent of toxoflavin production. R. solani is also a rice pathogen, 
and during the process of colonization of its host, this pathogen likely has to compete with other 
microbes that naturally inhabit rice plants. Even though its content for the biosynthesis of 
antibiotics is reduced, the ability to outcompete R. solani suggests that B. glumae 257sh-1 is a 
strong competitor in rice plants.    
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 The pathogenesis of B. glumae is a complex process, requiring multiple virulence factors 
(Zhou-qi et al. 2016). Comparisons were performed for several known virulence factors and 
bacterial secretion systems. Toxoflavin biosynthesis and transport genes were present in both the 
virulent and avirulent strains of B. glumae. The production of toxoflavin is essential for the 
typical pathogenesis because toxoflavin-deficient mutant has reduced the ability to cause disease 
in rice plants (J. Kim et al. 2004). Genes encoding serine metalloprotease (prtA), lipase (lipA), 
catalases (katG) and polygalacturonases (pehA and pehB) and additional potential virulence 
factors such as cellulase, lipases chaperone and additional polygalacturonase were also found in 
B. glumae strains (Table 2.2). A single type II secretion system cluster and a type III secretion 
system cluster could be identified in chromosome 1 and chromosome 2 of all strains, 
respectively (Fig. 2.4). Similarly, four type VI secretion systems were identified in the genome 
across all strains tested (Fig. 4). Type VI secretion systems are responsible for the secretion of a 
wide variety of substrates, which are important for pathogenicity and competition with 
neighboring microbes (Schwarz et al. 2010). The T6SS-1 is present in chromosome 1, and it is 
highly conserved among B. glumae strains. T6SS-2, T6SS-4, and T6SS-5 are present in 
chromosome 2 and underwent gene rearrangement inside the cluster (Fig. 4B). The T6SS-5 was 
shown experimentally to be essential for pathogenesis of Burkholderia mallei and Burkholderia 
pseudomallei in a hamster model of glanders and murine infection model (Schell et al. 2007; 
Pilatz et al. 2006), while the T6SS-1 was shown to require for the bacterial interspecies 
competition of Burkholderia thailandensis (Schwarz et al. 2010). The function of these type VI 
secretion systems in B. glumae have not been characterized yet; however, it is possible that the 
T6SSs function as pathogenic determinants in rice plants and for the bacterial competition.       
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The expression of extracellular products is tightly regulated in bacteria. The TofI/TofR 
mediated QS in B. glumae is responsible for regulating most of the known virulence factors 
(Zhou-qi et al. 2016). The QS genes (tofI, tofR, and tofM) were present in all strains tested, as 
well as the additional regulators toxR, toxJ and qsmR which were also distributed across all B. 
glumae strains (Fig 2.4B). As all the regulatory genes could be found across in B. glumae 257sh-
1, gene sequence variation rather than the complete absence of genes could potentially be 
responsible for the lack of virulence in this particular strain. Alignment of the protein sequence 
of the regulatory genes cited above revealed the presence of point mutations in tofM, tofR, and 
qsmR (Fig. 2.4) (Fig 2.6B, C, and F). Based on the previous scenario, TofI/TofR-mediated QS 
and QsmR positively regulate the expression of most known virulence in B. glumae (Kim et al. 
2007, 2004; Devescovi et al. 2007; Lelis et al. 2019); therefore, point mutations in the coding 
region of this regulatory genes could be detrimental for the regulation of virulence determinants. 
Since B. glumae 257sh-1 was isolated from rice plants showing symptoms of bacterial 
panicle blight, it is possible that this pathogenic strain underwent phenotypic change due to 
spontaneous mutations in the QS-related genes and qsmR. Similarly, phenotypic change was 
reported for the B. glumae ATCC33617T which in the laboratory condition lost its ability to 
produce toxoflavin due to spontaneous mutation in tofR encoding the cognate receptor for the 
quorum-sensing signal of B. glumae (Devescovi et al. 2007). Furthermore, colony variants of B. 
cenocepacia arose from a genetic mutation in a LysR-type transcriptional regulator, showing that 
mutation in regulatory genes can be implicated in colony morphology changes as well (Loutet 
and Valvano 2010). Nevertheless, these phenotypic variations are known to occur in many 
bacterial species and are an essential component for the process of population diversification 






<html><head></head><body><pre style="word-wrap: break-word; white-space: pre-
wrap;">CLUSTAL multiple sequence alignment by MUSCLE (3.8)
BGR1_tofI        MQTFVHEAGRLPAHIAAELGSYRYRVFVEQLGWQLPSEDEKFERDQYDRDDTVYVLGRDA
336gr1_tofI      MQTFVHEAGRLPAHIAAELGSYRYRVFVEQLGWQLPSEDEKFERDQYDRDDTVYVLGRDA
257sh1_tofI      MQTFVHEAGRLPAHIAAELGSYRYRVFVEQLGWQLPSEDEKFERDQYDRDDTVYVLGRDA
                 ************************************************************
BGR1_tofI        NGEICGCARLLPTTRPYLLQEVFPHLLADEHPAPRSAHVWELSRFAATPEEGADAGSLAW
336gr1_tofI      NGEICGCARLLPTTRPYLLQEVFPHLLADEHPAPRSAHVWELSRFAATPEEGADAGSLAW
257sh1_tofI      NGEICGCARLLPTTRPYLLQEVFPHLLADEHPAPRSAHVWELSRFAATPEEGADAGSLAW
                 ************************************************************
BGR1_tofI        SVRPMLAAAVECAARRGARQLIGVTFCSIERLFRRIGVHAHRAGAPVSIDGRMVVACWID
336gr1_tofI      SVRPMLAAAVECAARRGARQLIGVTFCSIERLFRRIGVHAHRAGAPVSIDGRMVVACWID
257sh1_tofI      SVRPMLAAAVECAARRGARQLIGVTFCSIERLFRRIGVHAHRAGAPVSIDGRMVVACWID
                 ************************************************************
BGR1_tofI        IDAQTLAALDLDPALCASQPEAA
336gr1_tofI      IDAQTLAALDLDPALCASQPEAA
257sh1_tofI      IDAQTLAALDLDPALCASQPEAA
                 ***********************
</pre></body></html>
A
<html><head></head><body><pre style="word-wrap: break-word; white-space: pre-
wrap;">CLUSTAL multiple sequence alignment by MUSCLE (3.8)
BGR1_tofR        MELRWQDAYHQFNTAENEQQLFHQVSAYSKRLGFEYCCYGIRVPQPGSQPLVEIFDTYPP
336gr1_tofR      MELRWQDAYHQFNTAENEQQLFHQVSAYSKRLGFEYCCYGIRVPQPGSQPLVEIFDTYPP
257sh1_tofR      MELRWQDAYHQFNTAENEQQLFHQVSAYSKRLGFEYCCYGIRVPQPGSQPLVEIFDTYPP
                 ************************************************************
BGR1_tofR        GWMAHYQARNYIEIDPTVRDGAASPNMIIWPDADAAEQPSLWRDARDFGMSVGVAQSSWA
336gr1_tofR      GWMAHYQARNYIEIDPTVRDGAASPNMIIWPDADAAEQPSLWRDARDFGMSVGVAQSSWA
257sh1_tofR      GWMAHYQARNYIEIDPTVRDGAASPNMIIWPDADAAEQPSLWRDARDFGMSVGVAQSSWA
                 ************************************************************
BGR1_tofR        ARGVFGLLTIARRSDRLTPAEINSLTLQANWLANLSHSLMGRFLVPKLSPAASISLTKRE
336gr1_tofR      ARGVFGLLTIARRSDRLTPAEINSLTLQANWLANLSHSLMGRFLVPKLSPAASISLTKRE
257sh1_tofR      ARGVFGLLTIARRSDRLTPAEINSLTLQANWLANLSHSLMGRFLVPKLSPAASISLTKRE
                 ************************************************************
BGR1_tofR        REVLSWTSEGRTASEIGEQLNISERTVTFHINNILAKLGAANKVQAVVKAIGMGLIQAP
336gr1_tofR      REVLSWTSEGRTASEIGEQLNISERTVTFHINNILAKLGAANKVQAVVKAIGMGLIQAP
257sh1_tofR      REVLSWTSEGRTASEIGEQLNISERTVTFHINNILAKLGAANKVQAVVKAIGMGLIQTP
                 *********************************************************:*
</pre></body></html>
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<html><head></head><body><pre style="word-wrap: break-word; white-space: pre-
wrap;">CLUSTAL multiple sequence alignment by MUSCLE (3.8)
BGR1_tofM        MTPPLLHPYCSPSADGYVRLPLHAFAGLELVHIASGLDPGLAHELRDEGLVPDLAGFTEW
336gr1_tofM      MTPPLLHPYCSPSADGYVRLPLHAFAGLELVHIASGLDPGLAHELRDEGLVPDLAGFTEW
257sh1_tofM      MTPPLLHPYCSPSADGYVRLPLHAFAGLELVHIASGLDPRLAHELRDEGLVPDLAGFTEW
                 *************************************** ********************
BGR1_tofM        QRPASPGYAHLTVGWDWYLEPDSGRLRIAWDDVRSNLMGVDRFGTDIGMHATASALACRL
336gr1_tofM      QRPASPGYAHLTVGWDWYLEPDSGRLRIAWDDVRSNLMGVDRFGTDIGMHATASALACRL
257sh1_tofM      QRPASPGYAHLTVGWDWYLEPDSGRLRIAWDDVRSNLMGVDRFGTDIGMHATASALACRL
                 ************************************************************
BGR1_tofM        ATLDWAIAVSRALAGGLPSQPIVADKRWSH
336gr1_tofM      ATLDWAIAVSRALAGGLPSQPIVADKRWSH
257sh1_tofM      ATLDWAIAVSRALAGGLPSQPIVADKRWSH







<html><head></head><body><pre style="word-wrap: break-word; white-space: pre-
wrap;">CLUSTAL multiple sequence alignment by MUSCLE (3.8)
BGR1_toxJ        ------------------------------------------------------------
257sh1_toxJ      ------------------------------------------------------------
336gr1_toxJ      MEPGASRIDCRVGQDRLPCGLTGQRGSSRIRRRAQAVAIVGTIAAAGAGRRREAVFAAGR
                                                                             
BGR1_toxJ        -------------------MVEIFGKLGKIISSTGTERFTSDLHALLVGSVNVESTRITA
257sh1_toxJ      -------------------MVEIFGKLGKIISSTGTERFTSDLHALLVGSVNVESTRITA
336gr1_toxJ      AAAGGVTPDSTTTHSEENDVVEIFGKLGKIISSTGTERFTSDLHALLVGSVNVESTRITA
                                    :****************************************
BGR1_toxJ        WSVNEVKGEIVGVHLLGAFASHDQDIRPNQAPPPAVLKDELYRGMAEDPLSKRILAASDT
257sh1_toxJ      WSVNEVKGEIVGVHLLGAFASHDQDIRPNQAPPPAVLKDELYRGMAEDPLSKRILAASDT
336gr1_toxJ      WSVNEVKGEIVGVHLLGAFASHDQDIRPNQAPPPAVLKDELYRGMAEDPLSKRILAASDT
                 ************************************************************
BGR1_toxJ        QLIHMNTARPGEGAFDAIQPGRLGFQCHLVSRKANRRYVISLYRPDQAYDFTLQEMTFLK
257sh1_toxJ      QLIHMNTARPGEGAFDAIQPGRLGFQCHLVSRKANRRYVISLYRPDQAYDFTLQEMTFLK
336gr1_toxJ      QLIHMNTARPGEGAFDAIQPGRLGFQCHLVSRKANRRYVISLYRPDQAYDFTLQEMTFLK
                 ************************************************************
BGR1_toxJ        SCAEILMPLVEMHASHRRYAMPGRPAASADSAGDSSTRHESLRREFERRLTSASVVLSER
257sh1_toxJ      SCAEILMPLVEMHASHRRYAMPGRPAASADSAGDSSTRHESLRREFERRLTSASVVLSER
336gr1_toxJ      SCAEILMPLVEMHASHRRYAMPGRPAASADSAGDSSTRHESLRREFERRLTSASVVLSER
                 ************************************************************
BGR1_toxJ        EIEVCVGLLTGSTFREMADALGVKHSTIETYIKRAAAKLGFKGRHGLVKWVLDES
257sh1_toxJ      EIEVCVGLLTGSTFREMADALGVKHSTIETYIKRAAAKLGFKGRHGLVKWVLDES
336gr1_toxJ      EIEVCVGLLTGSTFREMADALGVKHSTIETYIKRAAAKLGFKGRHGLVKWVLDES
                 *******************************************************
</pre></body></html>
<html><head></head><body><pre style="word-wrap: break-word; white-space: pre-
wrap;">CLUSTAL multiple sequence alignment by MUSCLE (3.8)
BGR1_toxR        MNNLKRIDLNLLVTLQALMTEKHISRTAMRLHKSQPAISHALAHLRDIFNDPLLVRRGGG
336gr1_toxR      MNNLKRIDLNLLVTLQALMTEKHISRTAMRLHKSQPAISHALAHLRDIFNDPLLVRRGGG
257sh1_toxR      MNNLKRIDLNLLVTLQALMTEKHISRTAMRLHKSQPAISHALAHLRDIFNDPLLVRRGGG
                 ************************************************************
BGR1_toxR        LELTSRASELMQPLSDALDQLSALLEPPEFDPSQAQRVFRVSMSDYGARIVLPKLVRMLR
336gr1_toxR      LELTSRASELMQPLSDALDQLSALLEPPEFDPSQAQRVFRVSMSDYGARIVLPKLVRMLR
257sh1_toxR      LELTSRASELMQPLSDALDQLSALLEPPEFDPSQAQRVFRVSMSDYGARIVLPKLVRMLR
                 ************************************************************
BGR1_toxR        ANAPGIELVVSQANREAMRMQVMDGEVDLALGVFPPPSPELHTETLFVETFACLADAASM
336gr1_toxR      ANAPGIELVVSQANREAMRMQVMDGEVDLALGVFPPPSPELHTETLFVETFACLADAASM
257sh1_toxR      ANAPGIELVVSQANREAMRMQVMDGEVDLALGVFPPPSPELHTETLFVETFACLADAASM
                 ************************************************************
BGR1_toxR        PASRMLDLEAWLARPHALVAMRAGTDNEIDRALAQLRAERRIAVILPHWGVANELVVDTD
336gr1_toxR      PASRMLDLEAWLARPHALVAMRAGTDNEIDRALAQLRAERRIAVILPHWGVANELVVDTD
257sh1_toxR      PASRMLDLEAWLARPHALVAMRAGTDNEIDRALAQLRAERRIAVILPHWGVANELVVDTD
                 ************************************************************
BGR1_toxR        LVLTVARRNLDAVRDDARLCVFDPPFPVESFEFQQMWHQRRQGDPAHSWLRQMIARVVRD
336gr1_toxR      LVLTVARRNLDAVRDDARLCVFDPPFPVESFEFQQMWHQRRQGDPAHSWLRQMIARVVRD
257sh1_toxR      LVLTVARRNLDAVRDDARLCVFDPPFPVESFEFQQMWHQRRQGDPAHSWLRQMIARVVRD
                 ************************************************************
BGR1_toxR        R
336gr1_toxR      R
257sh1_toxR      R





Figure 2.6. Protein sequence of the known regulatory genes of B. glumae strains was aligned 
using MUSCLE. A) TofI. B) TofR. C) TofM. D) ToxJ. E) ToxR. F) QsmR.  
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CHAPTER 3. THE VIRULENCE FUNCTION AND REGULATION OF THE 




Bacterial panicle blight (BPB) is one of the most severe bacterial diseases of rice (Ham, 
Melanson, and Rush 2011). Since first reported in 1956 in Japan (Goto and Ohata 1956), this 
disease has been reported in many rice-producing areas worldwide (Ham, Melanson, and Rush 
2011; Zhou-qi et al. 2016). Burkholderia glumae, known as a seed-borne pathogen, is the major 
causal agent of BPB, which can survive both internally and externally of rice seeds (Tsushima 
1996). This pathogen also epiphytically grows on rice plants during the booting stage and 
multiplies on the surface of emerging panicles (Goto 1992).  
Infection of rice plant by B. glumae is a multifactorial process requiring numerous 
virulence factors such as toxoflavin, lipase, type III secretion effectors, and flagella (Ham, 
Melanson, and Rush 2011). Toxoflavin, a phytotoxin, is one of the most important virulence 
factors of B. glumae, and the genes for toxoflavin biosynthesis and transport are encoded by the 
toxABCDE and toxFGHI operons, respectively (Kim et al. 2004). Toxoflavin-deficient strains 
exhibit substantially lower levels of virulence compared with the wild type parent but still retain 
the ability to cause disease in rice (Kim et al. 2004). Substantial reduction of virulence was also 
reported with the B. glumae strains deficient in lipase production (Devescovi et al. 2007) or 
flagella formation (Kim et al. 2007).  Moreover, B. glumae is able to elicit hypersensitive 
responses (HRs) in tobacco leaves in a type III secretion system (T3SS)-dependent manner 
(Kang et al. 2008). Type III effectors also contribute to the virulence of B. glumae, as indicated 
by the reduced virulence of a T3SS defective mutant, ΔhrpB (Kang et al. 2008).   
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In B. glumae, major virulence factors are regulated by the tofI/tofR quorum-sensing (QS) 
system, which is mediated the luxI and luxR homologs tofI and tofR, respectively (Kim et al. 
2004, 2007; Chun et al. 2009a). tofI encodes an acyl-homoserine lactone (AHL) synthase 
responsible for synthesizing the QS signal compound, N-octanoyl homoserine lactone (C8-HSL), 
and tofR encodes a cognate receptor that C8-HSL binds to (Kim et al. 2004).  The tofI/tofR QS 
system regulates the expression of toxR and toxJ, which are additional regulatory elements 
required for the biosynthesis and transport of toxoflavin (Kim et al. 2004, 2007). The tofI/tofR 
QS system is also essential for flagellar biogenesis and lipase activity in B. glumae (Devescovi et 
al. 2007; Kim et al. 2007). Nickzad et al. (2015) reported that the tofI/tofR QS also regulates 
rhamnolipid production which is required for swarming motility.   
qsmR which encodes an IclR-family transcriptional factor was first identified in B. 
glumae BGR1 as a ‘quorum-sensing master regulator’ that controls flagellar biogenesis and 
flagellum-mediated motility (Kim et al. 2007). In B. glumae BGR1, qsmR exerts its regulatory 
function through flhD/flhC and its expression is dependent on the tofI/tofR QS (Kim et al. 2007; 
Jang et al. 2014). Disruption of qsmR also caused substantial reduction of toxoflavin in the liquid 
LB medium but no difference was observed under the LB agar medium condition, indicating the 
regulatory role of qsmR in the toxoflavin production in a growth condition-dependent manner 
(Kim et al. 2007). Previous studies with B. glumae BGR1 also revealed that qsmR plays a pivotal 
role in the QS-dependent regulation of metabolic pathways to survive in stress conditions 
including the high cell density at the stationary phase (An et al. 2014; Goo et al. 2017). Most 
importantly, the near avirulent phenotype of the qsmR null mutant observed in the same study 
indicates that qsmR is a key regulatory element governing the bacterial pathogenesis by B. 
glumae (Kim et al. 2007).         
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Our preliminary RNA-seq study with B. glumae 336gr-1 (a virulent U.S. strain) showed a 
serine metalloprotease gene being down-regulated in a B. glumae mutant derivative deficient in 
the tofI/tofR QS system. The serine metalloprotease gene is corresponding to ‘bglu_1g16590’ of 
the reference strain, BGR1, and named prtA.  In this study, we investigated the role of prtA in the 
extracellular protease activity and the virulence of B. glumae, as well as its regulation by the 
tofI/tofR QS system and qsmR.  
3.2. Materials and Methods 
3.2.1. Strains and culture conditions 
Bacterial strains and plasmids used in this study are listed in Table 3.1. Bacterial strains 
were routinely grown in Luria-Bertani (LB) or LB agar medium, which was supplemented with 
antibiotics as needed at the following concentrations; 100 μg/ml for ampicillin, 50 μg/ml for 
kanamycin, 20 μg/ml for gentamycin, and 100 μg/ml for nitrofurantoin.  DNA cloning and 
amplification were conducted following established methods (Sambrook 2001). PCR products 
were purified using the QuickClean 5M PCR Purification Kit (GenScript, Piscataway, NJ, USA). 
NanoDrop ND-100 Spectrophotometer (NanoDrop Technologies, Inc., Wilmington, DE, USA) 
was used to assess the quality and quantity of DNA samples. DNA sequencing of PCR products 
and DNA clones was performed by Macrogen USA (Rockville, MD, USA).  
Table 3.1. The bacterial strains and plasmids used in this study 
Strain/Plasmid Description Source 
Burkholderia glumae   
336gr-1 A virulent toxin-producing U.S. strain, 
NitR 
(Nandakumar et al. 
2009) 




(Table 3.1 continued) 
LSUPB145 A ΔtofI derivative of 336gr-1 (Chen et al. 2012) 
LSUPB169 A ΔtofR derivative of 336gr-1 (Chen et al. 2012) 
LSUPB286 A ΔtofM derivative of 336gr-1 (Chen et al. 2012) 
LSUPB537 A ΔtoxA derivative of 336gr-1 This study 
LSUPB574 A ΔqsmR derivative of 336gr-1 This study 
LSUPB586-1 A prtA::pKNOCK-Km derivative of 336gr-
1, KmR 
This study 
LSUPB586-2 A prtA::pKNOCK-Km derivative of 336gr-
1, KmR 
This study 
LSUPB586-3 A prtA::pKNOCK-Km derivative of 336gr-
1, KmR 
This study 
LSUPB590 A ΔtoxR derivative of 336gr-1 This study 
LSUPB592 A ΔtoxJ derivative of 336gr-1 This study 
LSUPB633 A ΔtoxA derivative of LSUPB586-1 This study 
LSUPB640 A gspD::pKNOCK-Km derivative of 
336gr-1 
This study 
LSUPB641 A gspE::pKNOCK-Km derivative of 
336gr-1 
This study 
LSUPB642 A prtA::pBBR1MCS-5 derivative of 
LSUPB586-1 
This study 
Escherichia coli   
HB101 
(pRK2013::Tn7) 
A recA strain carrying the helper plasmid 
pRK2013::Tn7 
(Ditta et al. 1980) 
S17-1λpir A recA- strain carrying λpir (de Lorenzo et al. 1993) 
pBBR1MCS-2 A broad host range cloning vector, RK2 
ori, lacZα, KmR 
(Kovach et al. 1994) 
pBBR1MCS-5 A broad host range cloning vector, RK2 
ori, lacZα, GmR 
(Kovach et al. 1994) 
pBB5prtA A clone of prtA in pBBR1MCS-5; GmR This study 
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(Table 3.1 continued) 
pBBtofIMR A clone of prtA in pBBR1MCS-2; KmR (Chen et al. 2012) 
pKkmgspD A clone of the 541-bp gspD internal 
fragment in pKNOCK-Km; KmR 
This study 
pKkmgspE A clone of the 468-bp prtA internal 
fragment in pKNOCK-Km; KmR 
This study 
pKkmMetallDown A clone of the NotI/XbaI fragment 
containing the 1497-bp 3’ portion of prtA 
in pKNOCK-Km; KmR 
This study 
pKkmprtA A clone of the 2460-bp XhoI-NotI fragment 
carrying prtA in pKNOCK-Km; KmR   
This study 
pKKqsmRU A 458-bp ManHI and SpeI upstream region 
fragment cloned in pKKSacB; sacB, KmR 
This study 
pKKSacB A suicide vector; R6K γ-ori, RP4 oriT, 
sacB, KmR 
(Chen et al. 2012) 
pKKSacBtoxAup A 502-bp BamHI and SpeI upstream region 
fragment cloned in pKKSacB; sacB, KmR 
This study 
pKKSacBΔqsmR A DNA construct for ΔqsmR in pKKSacB; 
sacB, KmR 
This study 
pKKSacBΔtoxA A DNA construct for ΔtoxA in pKKSacB; 
sacB, KmR 
This study 
pKKSacBtoxJup A 415-bp XbaI and SpeI upstream region 
fragment cloned in pKKSacB; sacB, KmR 
This study 
pKKSacBΔtoxJ A DNA construct for ΔtoxJ in pKKSacB; 
sacB, KmR 
This study 
pKKSacBΔtoxR A DNA construct for ΔtoxR in pKKSacB; 
sacB, KmR 
This study 





(Table 3.1 continued) 
pKnockprtA A clone of the 403-bp prtA internal 
fragment in pKNOCK-Km; KmR 
This study 
pSC-A-amp/kan A blunt-ended PCR cloning vector; f1 ori, 
pUC ori, lacZ’, KmR, AmpR 
Agilent Technologies 
 (Santa Clara, CA) 
pSCqsmRU A clone of the 458-bp 5’ portion of qsmR 
in psC-A-amp/kan, AmpR; KmR   
This study 
pSCqsmRD A clone of the 469-bp 3’ portion of qsmR 
in psC-A-amp/kan, AmpR; KmR   
This study 
pSCtoxAup A clone of the 502-bp upstream flanking 
region of toxA in psC-A-amp/kan; AmpR, 
KmR 
This study 
pSCtoxAdown A clone of the 481-bp downstream 
flanking region of toxA in psC-A-amp/kan; 
AmpR, KmR 
This study 
pTopometallUP A clone of the 1193-bp 5’ portion of prtA 
in psC-A-amp/kan, AmpR; KmR 
This study 
pTopometallDown A clone of the 1497-bp 3’ portion of prtA 
in psC-A-amp/kan, AmpR; KmR   
This study 
ptopotoxJDWN A clone of the 540-bp 3’ portion of toxJ in 
psC-A-amp/kan, AmpR; KmR   
This study 
ptopotoxJup A clone of the 415-bp 5’ portion of toxJ in 
psC-A-amp/kan, AmpR; KmR   
This study 
ptopotoxRup A clone of the 408-bp 5’ portion of toxR in 
psC-A-amp/kan, AmpR; KmR   
This study 
pUT:::mini-Tn5Km mini-Tn5Km in a suicide vector (pUT), 
AmpR, KmR 





3.2.2. Generation of prtA, gspD and gspE mutants and the prtA clone for complementation  
To generate a prtA::pKNOCK-Km mutant, a 403-bp internal fragment of prtA was 
amplified using MproTF1, and MprotR1 (Table 3.2), and ligated into the PCR cloning vector, 
psC-A-amp/kan. Using the EcoRI sites in the vector, the fragment was mobilized into the suicide 
vector pKNOCK-Km (Alexeyev 1999), generating pKnockprtA in E. coli S17-1λpir (Fig. 3.2A). 
pKnockprtA was then conjugated into B. glumae via tri-parental mating using the helper strain E. 
coli HB101 (pRK2013::Tn7). Colonies were selected based on the antibiotic resistance to 
nitrofurantoin (for B. glumae) and kanamycin (for pKNOCK-Km inserted in prtA) on LB-agar 
plates.   
To complement the prtA::pKNOCK-Km mutant, a 1193-bp containing the promotor 
region and a 5’ portion of prtA and a 1497-bp containing the rest part of prtA were amplified, 
using the MetprAupF1/MetprAupR1 and MetprAdownF1/MetprAdownR1 primer pairs, 
respectively (Fig. 1A)(Table 3.2). The upstream and downstream PCR products were ligated 
separately into the PCR cloning vector, pSC-A-amp/kan, generating pTopometallUP and 
pTopometallDown, respectively. pTopometallDown was digested with NotI and XbaI and 
subcloned into pKNOCK-Km suicide vector, generating pKkmMetallDown. pTopometallUP 
was digested with NotI and cloned into pKkmMetallDown, generating pKkmprtA. The 
pKkmprtA was digested with EcoRI and clone into broad host range vector, pBBR1MCS-5, 
generating pBB5prtA (Fig. 3.1A).  pBB5prtA was transformed into E. coli S17-1λpir competent 
cell through electroporation, and then conjugated into B. glumae via tri-parental mating using E. 
coli HB101 (pRK2013::Tn7) helper strain. Colonies were selected based on resistance to 
nitrofurantoin and gentamycin on LB-agar plates. 
 50 
A schematic illustration for gspD and gspE mutations is presented in Fig. 3.1. To 
generate a gspD::pKNOCK-Km construct, a 541-bp internal fragment of gspD was amplified 
using TTssGspDF2 and TTssGspDR2 (Table 3.2). The resultant PCR product was then ligated to 
the PCR cloning vector, psC-A-amp/kan. Using the EcoRI sites in the cloning vector, the cloned 
fragment was transferred to the suicide vector pKNOCK-Km, generating pKkmgspD in E. coli 
S17-1λpir (Fig. 3.1). pKkmgspD was then conjugated into B. glumae via tri-parental mating 
using the helper strain E. coli HB101 (pRK2013::Tn7). Colonies were selected based on the 
antibiotic resistance to nitrofurantoin (for B. glumae) and kanamycin (for pKNOCK-Km carrying 
the internal fragment of gspD) on LB-agar plates. To generate a gspE::pKNOCK-Km construct, 
a 468-bp internal fragment of gspE was amplified using TTssGspEF1 and TTssGspER1 (Table 
3.2), followed by cloning into the PCR cloning vector, psC-A-amp/kan. Using the EcoRI sites in 
the vector, the cloned fragment was transferred to the suicide vector pKNOCK-Km, generating 
pKkmgspE in E. coli S17-1λpir (Fig. 3.1). gspE was mutated in a same way as gspD, using the 














Figure 3.1. A schematic illustration to depict the mutations on the type II secretion system genes 
(gspE and gspD) and qsmR. A) A null mutant was generated for each of gspD and gspE using the 
suicide vector pKNOCK-Km. KmR indicates the kanamycin-resistant gene. B) Arrows represent 
qsmR and adjacent genes. Grey boxes represent the flanking regions of qsmR used to generate 
pkkSacBDqsmR construct.  Gene IDs corresponding to the reference genome Burkholderia 
glumae BGR1 (Genbank Accession Number: CP001503.2) are presented in the physical map. 
 
3.2.3. Generation of the ΔtoxA, ΔtoxJ, and ΔtoxR derivatives of 336gr-1  
(This part of the work was performed by Ms. Inderjit Barghaphagha) 
To generate LSUPB537, a ΔtoxA derivative of 336gr-1, a 502-bp upstream flanking 
region and a 481-bp downstream flanking region of toxA were amplified using primers set ToxA 
UpF, ToxA UpR, and ToxA DWNF, ToxA DWNR, respectively (Table 3.2). The upstream and 
downstream PCR products were ligated separately into the PCR cloning vector, pSC-A-amp/kan. 
pSCtoxAup, the plasmid containing the upstream flanking sequence of toxA was cleaved using 









pSCtoxAdown, the downstream flaking sequence of toxA, was cleaved using SpeI and Xbal, and 
then cloned into pKKSacBtoxAup, generating pKKSacBtoxA. pKKSacBtoxA was transformed 
into E. coli S17-1λpir competent cell through electroporation, and then conjugated into B. 
glumae via tri-parental mating using E. coli HB101 (pRK2013::Tn7) helper strain. Bacterial cells 
having single homologous recombination were selected based on the antibiotic resistance to 
nitrofurantoin and kanamycin on LB-agar plates. Subsequently, the selected colonies were grown 
overnight at 30°C in LB broth without any antibiotics and spread on LB-agar plates containing 
30% sucrose to select mutants with secondary homologous recombination. Sucrose-resistant 
colonies were tested for the sensitivity to kanamycin and deletion of toxA was confirmed by PCR 
using the primer set, ToxAcompF, and ToxAcompR (Table 3.2).       
To generate LSUPB592, a ΔtoxJ derivative of 336gr-1, a 415-bp upstream flanking 
region and a 540-bp downstream flanking region of toxJ were amplified using primers set 
ToxJUpFP/ToxJUpRP and ToxJDwnFP/ToxJDwnRP, respectively (Table 3.2). Both upstream 
and downstream PCR fragments were ligated separately into the PCR cloning vector, pSC-A-
amp/kan. pTopotoxJup carrying the upstream sequence of toxJ was cleaved using the XbaI and 
SpeI restriction sites, and the upstream sequence of toxJ was then subcloned into the suicide 
vector pKKSacB to generate pKKSacBtoxJup. pTopotoxJDWN carrying the downstream 
sequence of toxJ was cleaved using SpeI and BamHI, and the downstream sequence of toxJ was 
then ligated to pKKSacBtoxJup, generating pKKSacBΔtoxJ. pKKSacBΔtoxJ was transformed 
into E. coli S17-1λpir competent cell through electroporation and then conjugated into B. glumae 
via tri-parental mating using the helper strain E. coli HB101(pRK2013::Tn7). Selection of ΔtoxJ 
derivatives was achieved through the procedure previously established (Chen et al. 2012). 
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Deletion of toxJ was confirmed by PCR using the primer set, ToxJcompF and ToxJcompR 
(Table 3.2). 
The toxR gene sequence is present upstream of the tox operon containing five putative 
toxoflavin biosynthetic genes toxABCDE. To generate LSUPB590, a ΔtoxR derivative of 336gr-
1, the plasmid carrying a toxA upstream sequence, pKKSacBtoxAup, was used as the 
intermediate DNA construct for a toxR downstream sequence. For cloning an upstream region of 
toxR, a 408-bp upstream sequence of toxR was amplified using the primers set ToxRUpF, and 
ToxRUpR (Table S3). This PCR product was initially cloned in pSC-A-amp/kan, generating 
pTopotoxRup, and then subsequently ligated to pKKSacBtoxAup using the BamHI restriction 
sites. The resultant DNA construct pKKSacBΔtoxR was used for generating ΔtoxR derivatives 
through the same procedure described above for deletion of toxJ.  Deletion of toxR was 
confirmed by PCR using the primer set, ToxRcompF and ToxRcompR (Table 3.2). 
3.2.4. Generation of the ΔqsmR derivative of 336gr-1 
(This part of the work was performed by Ms. Inderjit Barghaphagha) 
A schematic illustration for qsmR deletion is presented in Fig. 3.1B. The markerless 
qsmR deletion mutant LSUPB574 was generated through double-crossover homologous 
recombination in the flanking regions of the qsmR gene. A 458-bp upstream region and a 469-bp 
downstream region were amplified with the primer sets, qsmrBamHIUL/qsmrSpeIUR and 
qsmrSpeIDL/qsmrXbalIDR1 (Table 3.2). Resultant PCR products of the upstream and 
downstream regions were then cloned to pSC-A-amp/kan to generate pSCqsmRU and 
pSCqsmRD, respectively. The upstream region cloned in pSCqsmRU was further cloned to 
pKKSacB using the BamHI and SpeI restriction sites to generate pKKqsmRU. Finally, the qsmR 
downstream region present in pSCqsmRD was cloned to pKKqsmRU using the SpeI and XbalI 
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restriction sites to obtain pKKSacBΔqsmR. The DNA construct for deletion of qsmR, 
pKKSacBΔqsmR, was primarily transformed into E. coli S17-1λpir through electroporation, and 
then introduced into B. glumae via triparental mating using the helper strain E. coli 
HB101(pRK2013::Tn7). Selection of ΔtoxJ derivatives was achieved through the procedure 
previously established. Deletion of qsmR was confirmed by PCR using the primer set, 
qsmrDLcheckF and qsmrDLcheckR (Table 3.2). 
Table 3.2. The list of the primers used in this study  
Name Sequence (5’ – 3’) Reference 
MproTF1 GTGAGCAATGGGGCTACG This study 
MprotR1 ATTTTCCCCTTCCACGAGAT This study 
MetprAupF1 CGCTTTACGCTGATGTTGG This study 
MetprAupR1 CGCTTTACGCTGATGTTGG This study 
MetprAdownF1 GCACGGTCTTTCGCCAAC This study 
MetprAdownR1 TTGATCGTCAAGCTGAAACC This study 
TTssGspDF2 TTCTTGAGCCAGCCGATGTT This study 
TTssGspDR2 CGTTCAACCAGGGCAATTCG This study 
TTssGspEF1 ATCGGATCCTCGACCGTCAT This study 
TTssGspER1 CTCGGACATCCACATCGAGC This study 
ToxA UpF δGGATCCTTGCCATTTCTAAT This study 
ToxA UpR ϯACTAGTTGTCGTACTCATTCG This study 
ToxA DWNF ϯACTAGTAAGCCTTGATATGC This study 
ToxA DWNR °TCTAGAGTCGAGCTTGTTGT This study 
ToxRupF δGGATCCCGTAGTTGTCGATCAG This study 
ToxRupR δGGATCCCAACCACTGCGTGATG This study 
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(Table 3.2 continued) 
ToxRcompF GCGTGGAACACGAACAGC This study 
ToxRcompR ACTATTCACGACGCGGATTT This study 
ToxJUpFP °TCTAGACGCGGCAGTAGCCGTATTC This study 
ToxJUpRP ϯACTAGTCGGTACAGCTCGTCCTTCAG This study 
ToxJDwnFP ϯACTAGTAAGTGGGTGCTCGACGAAT This study 
ToxJDwnRP δGGATCCGTTCGAGGCCATGGAGACC This study 
ToXJComp.1FP CTCGAGAATCGCACCGAAATACCTCA This study 
ToxJComp.1RP CCGGTGCTGGATATGATTTT This study 








qsmrDLcheckF  CGTGCTAGAACCTGAGAGAC This study 
qsmrDLcheckR ATCGTCCAGAGCACTTTCT This study 
Linker 1 PstI TTTCTGCTCGAATTCAAGCTTCTAACGATGTAC
GGGGACACTGCA 
(Melanson et al. 
2017) 
Linker 2 PstI GTGTCCCCGTACATCGTTAGAACTACTCGTACC
ATCCACAT 
(Melanson et al. 
2017) 
Tn5 primer GGCCAGATCTGATCAAGAGA (Melanson et al. 
2017) 
q1-prtAF CGCCAACATCAGCGTAAAG This study 
q1-prtAR GTCGGGCTCGGCATATT This study 
 
Restrictions site incorporated into primers are underlined. δBamHI site (GGATCC), ϯSpeI site 





3.2.5. Extracellular protease assay 
Extracellular protease activity was initially assessed on nutrient agar (NA) plates 
amended with 1% of skim milk, following Huber’s method (Riedel et al. 2001) with some 
modifications. Briefly, 1 ml of an overnight culture of B. glumae incubated at 37°C was washed 
twice with fresh LB broth, using a microcentrifuge, and the final bacterial suspension was 
adjusted to 1.0 in its OD600. Five microliters of the bacterial suspension were spotted on an NA 
plate amended with 1% skim milk, followed by incubation at 37°C for 48 h. Extracellular 
protease activity was determined based on the halo zone formed around each bacterial colony.  
Quantitative assay of extracellular protease activity was conducted using azocasein 
(Sigma, Saint-Louis, MO, USA) as the proteolytic substrate following the Chessa’s method 
(Chessa et al. 2000). Briefly, 100 µl of the cell-free supernatant from an overnight bacterial 
culture grown in LB broth was combined with 400 µl of the protease assay buffer (composed of 
100 µl of 30 mg ml-1 azocasein and 300 µl of 20 mM Tris/1 mM CaCl2/pH 8). The reaction 
solutions were incubated for 10 min at 20°C, followed by addition of the stopping solution (500 
µl of 100 mg ml-1 trichloroacetic acid (TCA)). Following the subsequent centrifugation at 13,000 
X g for 2 min, the absorbance of each supernatant was measured at 366nm using a 
spectrophotometer (Biomate 3, Thermo Electron Corp.). Fresh medium without bacterial cells 
was used for the blank control.  
3.2.6. Toxoflavin quantification 
Toxoflavin production was measured following the previously stablished method (Kim et 
al, 2004) with minor modifications. Briefly, bacterial strains freshly retrieved from glycerol 
stocks stored at -80°C were grown in the LB broth for 24 h at 37°C in a shaking incubator 
rotating at 200 rpm. Each bacterial culture was then centrifuged to extract the toxoflavin present 
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in the supernatant. For toxoflavin extraction, 1 ml of the supernatant was mixed with 1 ml of 
chloroform through vortexing for 15 s. Each sample was centrifuged at 12,000 g for 10 min to 
separate the chloroform phase. The chloroform phase was transferred to a new microtube and 
placed in a fume hood overnight to evaporate. After evaporation, the remaining materials in the 
microtube including toxoflavin were resuspended in 1 ml of 80% methanol. Absorbance was 
measured at 393 nm (OD393) using the BioMate 3 spectrophotometer (Thermo Electron Corp.). 
Fresh medium without bacterial cells, instead of a bacterial culture, was used for the blank 
control.  
3.2.7. Virulence assay 
Virulence assay was conducted with the highly susceptible rice variety, Trenasse. 
Overnight cultures of B. glumae strains on LB agar plates were suspended in sterile tap water to 
a final concentration of ~ 5x107 CFU/ml (OD600 = 0.1). Rice plants were inoculated twice in a 
two-day interval with a hand sprayer when panicles were emerging. Disease progress was 
assessed 5 times during a 14 day-period after inoculation. Statistical analysis for the virulence 
data sets was conducted with Tukey’s post hoc tests using Statistical Analysis System (SAS) 
version 9.3. 
3.2.8. RNA extraction, cDNA synthesis, and qPCR  
B. glumae strains were cultured overnight in 10 ml of LB broth at 37°C in a shaking 
incubator rotating at 200 rpm. An aliquot of 1 ml was washed twice with fresh LB broth and 
resuspended in equal volumes of LB broth. Ten µl of the resuspension were inoculated in 10 ml 
LB broth and incubated at 37°C until bacterial culture reaches OD600=1.0. One ml of bacterial 
suspension was pelleted by centrifugation, frozen in liquid nitrogen and re-suspended in one ml 
of TRIzol® Reagent (Ambion® Life Technologies, Grand Island, NY, USA). RNA extraction 
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and DNase treatment were performed using Direct-zolTM RNA MiniPrep Kit (Zymo Research, 
Irvine, CA, USA), following the manufacturer’s instructions. cDNA was prepared using 
iScriptTM gDNA Clear cDNA Synthesis Kit (Bio-Rad Laboratories, Hercules, CA, USA) 
following the manufacturer’s instruction. Quantitative PCR (qPCR) was performed using 
SsoAdvanceTM Universal SYBR- Green Supermix (Bio-Rad Laboratories, Inc., Hercules, CA, 
USA) following the manufacturer’s instruction. Reactions were conducted in a Bio-Rad CFX 
Connect thermal cycler (Bio-Rad Laboratories, Inc.). The qPCR reaction program consisted of 
an initial denaturation step at 95°C for 60 s followed by 39 cycles of 95°C for 15 s and 52°C for 
20 s. A melt curve analysis of temperatures from 65°C to 95°C at 0.5°C increments was 
performed for each run. Expression values were normalized using two housekeeping genes, gyrA 
and 16S. Two-tailed t-test was performed for the statistical analyses of the qRT-PCR data using 
SAS version 9.3.  
3.2.9. Sample preparation for RNA-seq 
(This part of the work was performed by Dr. Roxie Chen) 
One ml overnight culture of B. glumae 336gr-1 and LSUPB139 (ΔtofI-R) was washed 
twice and resuspended in the same volume of LB broth. Fifteen μl of the suspension was 
inoculated in 15 ml LB and incubated at 37 oC until the early stationary phase (OD600=1.0). One 
ml of each bacterial culture was then pelleted and placed in liquid nitrogen for 5-10 seconds. The 
frozen pellet was resuspended in equal volume of TRIzol® Reagent (Invitrogen) for RNA 
extraction. The extracted total RNA samples were then treated with DNA-freeTM DNase 
Treatment and Removal Reagents (Life Technologies, Grand Island, NY, USA) for the removal 
of residual DNA, following the manufacturer’s instruction. RNA samples were then treated with 
a MEGAclearTM Kit (Life Technologies, Grand Island, NY, USA) to eliminate the divalent 
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cations left in the sample solution as well as the short oligonucleotides and protein molecules. 
RNA samples were then treated with a MICROBExpressTM Bacterial mRNA Enrichment Kit 
(Life Technologies, Grand Island, NY, USA) for the removal of rRNA. The RNA samples were 
further processed with RNase III (Life Technologies, Grand Island, NY, USA) to reduce the 
fragmentation variability and with RiboMinusTM Concentration Module (Life Technologies, 
Grand Island, NY, USA) to further eliminate rRNA. Library construction for RNA sequencing 
was performed using an RNA-Seq Library Construction Kit (Life Technologies, Grand Island, 
NY, USA), following the manufacturer’s instruction.   
3.2.10. High-throughput DNA Sequencing and Sequence Analysis 
High-throughput sequencing was conducted in the Virginia Bioinformatics Institute Core 
Lab using the Illumina GAIIx platform for single-end sequencing for 50 cycles. 1.6 GB and 
953.9 MB of sequence reads were generated from 336gr-1 and LSUPB139, respectively. To 
ensure high sequence quality, adaptors and low-quality sequences were trimmed using 
Trimmomatic (Bolger et al. 2014). The remaining sequences were mapped to B. glumae BGR1 
reference genome using Bowtie2 (Ben Langmead and Salzberg 2013). Mapped reads were 
counted using HTSeq (Anders, Pyl, and Huber 2015), and differential expression analyses were 
performed with edgeR (Robinson, McCarthy, and Smyth 2009). Genes with a fold change in 
expression of ³1.5, and a false discovery rate (FDR) of £0.05 were considered to be 
differentially expressed.  
3.2.11. Random mutagenesis of B. glumae using mini-Tn5Km 
Random mini-Tn5Km mutants of B. glumae were generated following a previously 
established method (Chen et al. 2012) through mixing a 3:1 ratio (v/v) of E. coli S17-1 λpir 
(pUT:::mini-Tn5Km) (de Lorenzo et al. 1993)and B. glumae strain 336gr-1. Mutants were 
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screened based on altered phenotypes compared to the parent in the halo zone formation on NA 
agar supplemented with 1% skim milk. The locations of mini-Tn5Km insertion in the B. glumae 
genome were determined with a previously established method (Melanson et al. 2017), which 
was modified from Kwon and Ricke’ method (Kwon and Ricke 2000). 
3.3. Results 
3.3.1. prtA encoding a serine metalloprotease was solely for the extracellular protease 
activity of B. glumae 336gr-1  
 
According to the genome sequence information of B. glumae BGR1 (Lim et al. 2009) and 
B. glumae 336gr-1 (Francis et al. 2013), prtA (bglu_1g16590) is located between the putative 
genes encoding glycogen synthase (bglu_1g16580) and alpha/beta hydrolase fold protein 
(bglu_1g16600) (Fig. 3.2A).  B. glumae 336gr-1 exhibited a distinct extracellular protease 
activity on the nutrient agar (NA) supplemented with 1% skim milk. The bacterial extracellular 
protease activity is indicated by the clear zone surrounding the bacterial colony as a result of 
protein digestion (Fig. 3.2B). To test if prtA contributes to the extracellular protease activity of 
B. glumae 336gr-1, null mutants of prtA were generated through insertional mutagenesis using 
an internal fragment of prtA cloned in the suicide vector pKNOCK-Km (Fig. 3.2A).  As shown 
in Fig. 1B, LSUPB586-1, a representative prtA- derivative of 336gr-1, did not exhibit any 
detectable extracellular protease activity on the NA supplemented with 1% skim milk. The lost 
extracellular protease activity in LSUPB586-1 was restored by a prtA clone, pBB5prtA, 
indicating that prtA is the solely responsible gene for the extracellular protease activity of B. 
glumae 336gr-1 (Fig. 3.2B).   
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Figure 3.2. The role of the prtA gene in the extracellular protease activity of Burkholderia 
glumae 336gr-1. A) A physical map of prtA that depicts its location, clones, and null mutants. 
The arrows represent the direction of the size of the corresponding genes, which are indicated by 
the gene IDs of the reference genome B. glumae BGR1 (Lim et al. 2009). B) The extracellular 
protease activities of 336gr-1 (wild type), a prtA- mutant (LSUPB586-1), and LSUPB586-1 
carrying pBB5prtA (a prtA clone) on a Nutrient Agar plate supplemented with 1% skin milk. 
Restriction sites used for the DNA constructs are; NotI (N), EcoRI (R), and XbaI (X). Restriction 





3.3.2. The deduced protein sequence of PrtA contained a typical N-terminal signal sequence 
and its extracellular protease activity was dependent on the type II secretion system 
 
Analysis of the deduced PrtA amino acid sequence using SignalP-4.1(Petersen et al. 
2011) revealed an N-terminal secretion signal peptide (Fig. 3.11A). The cleavage site was 
predicted to be between the 27th (Ala) and the 28th (Gln), with the maximum C and Y scores of 
0.801 and 0.869, respectively, at Q28 and the maximum S score of 0.987 at L17 (Fig. 3.11A). 
The mean S and D scores of the predicted signal peptide (the first 27 amino acids) were 0.949 
and 0.907, respectively (Fig. 3.11A). As substrates of a type II secretion system need a signal 
peptide to pass through the inner membrane, the PrtA metalloprotease is very likely to be 
secreted via a type II secretion system. According to the genome analysis using the web-based 
bioinformatics tool, The Seed Viewer, B. gluame contains at least one set of gene cluster for a 
type II secretion system. To test the requirement of the type II secretion system for the 
extracellular activity of PrtA, the gspD and gspE genes which encode key components of the 
type II secretion system (Fig. 3.3) were disrupted individually through single homologous 
recombination on each gene (Fig. 3.1). Both gspD and gspE mutants exhibited substantially less 
protease activities compared with the wild type, indicating that the extracellular activity of PrtA 
is dependent on the secretion via the type II secretion system (Fig. 3.4A and 3.4B).   
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Figure 3.3. The type II secretion system gene cluster in Burkholderia glumae. Color arrows 
represent individual genes in the cluster, and its orientation. The letters in the arrows represent 
general secretory pathway (gsp) genes (D to N). Gene IDs corresponding to the reference 
genome B. glumae BGR1 (Genbank Accession Number: CP001503.2) are listed below the 
physical map.  
 
 
Figure 3.4. Extracellular protease activities of Burkholderia glumae 336gr-1 and its gspD and 
gspE null mutant derivatives. A) The extracellular protease activities of the wild type (WT, 
336gr-1) and its gspD- (LSUPB640) and gspE- (LSUPB641) derivatives on a Nutrient Agar plate 
supplemented with 1% skin milk. B) The quantified protease activities of the cell-free culture 
filtrates from the same set of B. glumae strains grown in the LB broth. Protease activity was 
quantified following the Chessa’s method (Chessa et al. 2000). LSUPB586-1, a prtA- strain, was 















bglu_1g00270 – General secretory pathway protein N (gspN)
bglu_1g00280 – General secretory pathway protein M (gspM)
bglu_1g00290  – General secretory pathway protein L (gspL)
bglu_1g00300 – General secretory pathway protein K (gspK) 
bglu_1g00310 – General secretory pathway protein J (gspJ)
bglu_1g00320 – General secretory pathway protein I (gspI)
bglu_1g00330 – General secretory pathway protein H (gspH)
bglu_1g00340 – General secretory pathway protein G (gspG)
bglu_1g00350 – General secretory pathway protein C (gspC)
bglu_1g00360 – General secretory pathway protein F (gspF)
bglu_1g00370 – General secretory pathway protein E (gspE)
bglu_1g00380 – General secretory pathway protein D (gspD)
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3.3.3. The extracellular protease activity of B. glumae 336gr-1 was dependent on the 
tofI/tofR QS system  
 
As major virulence factors of B. glumae (i.e. toxoflavin, lipase, flagella) are regulated by 
the tofI/tofR QS, we further investigated if the extracellular protease activity is under the 
regulation of tofI/tofR QS. In the genome of B. glumae, tofI and tofR are adjacent to each other 
with another regulatory gene tofM between the two QS genes (Chen et al. 2012) (Fig. 3.5A).  
The four different deletion mutants, LSUPB145 (ΔtofI), LSUPB169 (ΔtofR), LSUPB286 (ΔtofM) 
and LSUPB139 (ΔtofI-tofR) (Chen et al. 2012) (Fig. 3.5A), were tested for their extracellular 
protease activities along with the wild type strain 336gr-1 (Fig. 3.5B and 3.5C).  As shown in 
Fig. 3.5B and 3.5C, the extracellular protease activity of B. glumae 336gr-1 was not significantly 
different from the ΔtofI, ΔtofR, or ΔtofM derivative. However, the extracellular protease activity 
was not detectable in the same condition with LSUPB139, a derivative of 336gr-1 lacking the 
entire tofI/tofM/tofR cluster (Fig. 3.5B and 3.5C), and this protease-deficient phenotype of the 
mutant was restored by the plasmid carrying tofI/tofM/tofR, pBBtofIMR (Fig. S4). 
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Figure 3.5. Extracellular protease activities of Burkholderia glumae 336gr-1 and its quorum-
sensing mutant derivatives. A) A schematic description of the quorum-sensing mutants tested in 
this study. B) The extracellular protease activities of the wild type and the quorum-sensing 
mutant strains on Nutrient Agar plates supplemented with 1% skin milk. C) The quantified 
protease activities of the cell-free culture filtrates from the same set of B. glumae strains grown 
in the LB broth. Protease activity was quantified following the Chessa’s method (Chessa et al. 
2000). The strain for each genotype is 336gr-1 (wild type, WT), LSUPB145 (ΔtofI), LSUPB286 
(ΔtofM), LSUPB169 (ΔtofR), and LSUPB139 (ΔtofI-tofR). LSUPB586-1, a prtA- strain, was used 
as a negative control, and pBB5prtA is a prtA clone that complements the prtA mutant.  
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3.3.4. prtA was required for the full virulence of B. glumae 336gr-1 
Virulence function of prtA for B. glumae in rice was examined with the three independent 
prtA- derivatives of 336gr-1, LSUPB586-1, LSUPB586-2, and LSUPB586-3, comparing with the 
wild type parent 336gr-1 (Fig. 3.6A).  All the prtA- derivatives tested exhibited a significant 
reduction in disease severity (Fig. 3.6A). Further tests to verify the virulence function of prtA 
were conducted with additional strains including; LSUPB586-1(pBB5prtA) (a prtA- strain 
complemented with the prtA clone pBB5prtA), LSUPB537 (a ΔtoxA derivative of 336gr-1 
defective in toxoflavin production), and LSUPB633 (a ΔtoxA/prtA- derivative of 336gr-1 
defective in both toxoflavin production and extracellular protease activity). As shown in Fig. 4B, 
the prtA- strain LSUPB586-1 was significantly less virulent than the wild type parent 336gr-1, 
while LSUPB586-1(pBB5prtA) exhibited a comparable level of virulence to the wild type. This 
result indicates that the prtA clone pBB5prtA restored the impaired virulence of the prtA mutant, 
verifying the requirement of the prtA gene for the full virulence of B. glumae 336gr-1. The ΔtoxA 
strain LSUPB537 was significantly less virulent than the prtA- strain LSUPB586-1, indicating 
that toxoflavin has a greater impact on the virulence of B. glumae than the PrtA protease (Fig. 
3.6B). Moreover, the double mutant strain LSUPB633 defective in both toxoflavin production 
and extracellular protease activity exhibited a further reduction in virulence compared to the 
ΔtoxA strain LSUPB537 although the level of reduction was not statistically significant (Fig. 




Figure 3.6 The virulence function of prtA for Burkholderia glumae 336gr-1 in rice panicles. A) 
Disease progress curves of rice panicles inoculated with B. glumae 336gr-1 and its three 
independent prtA- derivatives, LSUPB586-1 (prtA--1), LSUPB586-2 (prtA--2) and LSUPB586-3 
(prtA--3). B) Disease progress curves of rice panicles inoculated with B. glumae 336gr-1 and its 
derivatives; LSUPB586-1 (prtA-), LSUPB586-1 carrying a prtA clone (prtA- (pBB5prtA)), 
LSUPB537 (ΔtoxA), and LSUPB633 (ΔtoxA/prtA-). Disease severity was determined based on a 
0 -9 scale: no symptom, 0; 1–10% symptomatic area, 1; 11–20% symptomatic area, 2; 21–30% 
symptomatic area, 3; 31–40% symptomatic area, 4; 41–50% symptomatic area, 5; 51–60% 
symptomatic area, 6; 61–70% symptomatic area, 7; 71–80% symptomatic area, 8; and more than 
80% symptomatic area, 9. The susceptible rice variety, Trenasse, was inoculated to evaluate the 
virulence of each strain.  Error bars indicate the standard deviations from fifteen replications. 
Similar results were also obtained from additional two independent experiments. The letters at 
the end of individual data curves indicate statistically significant differences among the data 
curves at P < 0.05 based on Tukey’s post-hoc test.  
 
3.3.5. toxJ and toxR, the regulatory genes required for the toxoflavin production, were not 
involved in the extracellular protease activity of PrtA 
 
In the previous study by Kim et al. (2004) with B. glumae BGR1, toxJ and toxR were 
shown to activate the genes for toxoflavin biosynthesis and transport under the regulation of the 
tofI/tofR QS genes. To determine if toxJ and toxR are also involved in the extracellular protease 
activity of B. glumae 336gr-1, the ΔtoxJ and ΔtoxR derivatives of B. glumae 336gr-1 (named 
LSUPB592 and LSUPB590, respectively) were generated and their extracellular protease 
activities were examined. Both ΔtoxJ and ΔtoxR strains exhibited comparable levels of 
extracellular protease activities to the wild type regardless of solid or liquid medium condition, 
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while the negative control (the QS-deficient mutant LSUPB139) did not express any observable 
extracellular protease activity (Fig. 3.7A and 3.7B). In contrast, toxoflavin production was 
abolished in the ΔtoxJ and ΔtoxR strains like in the QS-deficient mutant (Fig. 3.7C and 3.7D), 
which was congruent with the previous study with B. glumae BGR1 (Kim et al. 2004). These 
results indicate that the extracellular protease activity of B. glumae 336gr-1 is not dependent on 
the regulatory genes for toxoflavin production, toxJ and toxR, while the tofI/tofR QS genes 
globally regulate both virulence functions.               
 
Figure 3.7 The differential regulatory functions of toxJ and toxR in extracellular protease activity 
and toxoflavin production of Burkholderia glumae 336gr-1. A) The extracellular protease 
activities of the wild type and its ΔtoxJ, ΔtoxR, and ΔtofI-tofR derivatives on a Nutrient Agar 
plate supplemented with 1% skin milk. B) The quantified protease activities of the cell-free 
culture filtrates from the same set of B. glumae strains grown in the LB broth. Protein activity 
was quantified following the Chessa’s method (Chessa et al. 2000). C) The toxoflavin-producing 
phenotypes of the wild type and its ΔtoxJ, ΔtoxR, and ΔtofI-tofR derivatives indicated by the 
yellow color of each cell culture. D) The toxoflavin-producing phenotypes of the same set of 
strains quantified based on the observance at 393 nm (Kim et al. 2004).  The strain for each 
genotype is 336gr-1 (wild type, WT), LSUPB590 (ΔtoxR), LSUPB592 (ΔtoxJ), and LSUPB139 
(ΔtofI-tofR). 
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3.3.6. qsmR was required for both extracellular protease activity and toxoflavin production 
 qsmR encoding an IclR-family protein is another regulatory element known to play a 
crucial role for the virulence of B. glumae BGR1 (Kim et al. 2007). In this study with B. glumae 
336gr-1, the ΔqsmR derivative LSUPB574 completely lost its extracellular protease activity and 
toxoflavin production like the QS-deficient mutant LSUPB139 (Fig. 3.8A, 3.8B, and 3.8C).  
 
Figure 3.8 The regulatory function of qsmR in extracellular protease activity and toxoflavin 
production of Burkholderia glumae 336gr-1. A) The extracellular protease activities of the wild 
type and its ΔqsmR, ΔtofI, ΔtofR, ΔtofI-tofR and prtA- derivatives on a Nutrient Agar plate 
supplemented with 1% skin milk. B) The quantified protease activities of the cell-free culture 
filtrates from the same set of B. glumae strains grown in the LB broth. Protein activity was 
quantified following the Chessa’s method (Chessa et al. 2000). C) The toxoflavin-producing 
phenotypes of the wild type and its ΔqsmR, ΔtofI, ΔtofR and ΔtofI-tofR derivatives quantified 
based on the observance at 393 nm (Kim et al. 2004).  The strain for each genotype is 336gr-1 
(wild type, WT), LSUPB574 (ΔqsmR), LSUPB145 (ΔtofI), LSUPB169 (ΔtofR), LSUPB139 
(ΔtofI-tofR), and LSUPB586-1 (prtA-). D) The expression levels of prtA determined by qRT-
PCR in 336gr-1 (wild type, WT), LSUPB145 (ΔtofI), LSUPB169 (ΔtofR), and LSUPB139 
(ΔtofI-tofR). E) The expression levels of prtA determined by qRT-PCR in 336gr-1 (wild type, 
WT) and LSUPB574 (ΔqsmR). 
 
In contrast, LSUPB145 and LSUPB169 (the ΔtofI and ΔtofR derivatives of B. glumae 336gr-1, 
respectively) retained the wild type level of extracellular protease activity in both NA agar and 
LB broth medium conditions (Fig. 3.8A and 3.8B), although their toxoflavin production was 
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substantially reduced when they were grown in LB broth (Fig. 3.8C). Quantitative reverse 
transcription PCR (qRT-PCR) tests revealed that the transcription of prtA was abolished in 
LSUPB139 (ΔtofI-tofR) and LSUPB574 (ΔqsmR) (Fig. 3.8D and Fig. 3.8E).   
3.3.7. The expression of qsmR were not affected by the tofI/tofR QS, while qsmR partially 
affected the expression of tofR, toxJ and toxR, but not the expression of tofI 
 
To determine the impact of the tofI/tofR QS on the expression of qsmR, transcriptional 
level of qsmR was accessed and compared between the wild type (336gr-1) and its ΔtofI-tofR 
derivative (LSBPB139) with qRT-PCR.  As shown in Fig. 3.9A, there was no significant 
difference in the expression level of qsmR between the wild type and its ΔtofI-tofR derivative, 
indicating that qsmR expression is not affected by the tofI/tofR QS in B. glumae 336gr-1. 
Likewise, tofI expression in the ΔqsmR genotype (LSUPB574) was not significantly different 
from that in the parent strain (336gr-1), indicating that qsmR does not have a strong impact on 
the expression of tofI, either (Fig. 3.9B). However, expression levels of other regulatory genes 
(tofR, toxJ and toxR) were significantly reduced in the ΔqsmR derivative, indicating that qsmR, if 
not all, partially regulates those regulatory genes (Fig. 3.9B). Meanwhile, expression of toxA (a 
structural gene for toxoflavin biosynthesis) was completely abolished in both ΔqsmR and ΔtofI-
tofR backgrounds, which was congruent with the toxoflavin production phenotypes of these 
mutant strains (Fig. 3.9A and 3.9B). 
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Figure 3.9. Reciprocal influences between qsmR and tofI/tofR determined by qRT-PCR. A) The 
expression levels of qsmR in the wild type and its DtofI-tofR derivative. B) The expression levels 
of tofI, tofR, toxJ and toxR in the wild type and its DqsmR derivative. Expression of toxA was 
also determined as a control for both A) and B). The strain for each genotype is 336gr-1 (wild 
type, WT), LSUPB139 (ΔtofI-tofR), and LSUPB574 (ΔqsmR). Fold change of each gene in qRT-
PCR was calculated by the 2−ΔΔCt method, and expression was normalized using the reference 
genes gyrA, and 16S. Error bars represent standard deviation, and columns followed up with (*) 
indicate significant differences among data at P < 0.05 based on two-tailed t-test.  
 
3.3.8. Genetic elements involved in the extracellular protease activity of B. glumae 336gr-1 
were identified through screening of random mini-Tn5Km mutants  
 
Among ~4,000 random mutants screened on NA-1% skim milk plates, six mutants 
showed significantly altered extracellular protease activity through repeated tests (Table 3.3). 
Among the six mutants screened, four mutants exhibited significantly reduced extracellular 
protease activities compared with the wild type parent 336gr-1, while two mutants did not show 
any detectable extracellular protease activity (Table 3.3).  One of the four mutants showing 
reduced extracellular protease activities had mini-Tn5Km insertion in the putative gene likely 
involved in signal transduction (336gr-1mr4) (Table 3). Two extracellular protease-deficient 
strains, 336gr-1mr1 and 336gr-1mr5, were found to be disrupted in putative genes encoding a 
transcriptional regulator LysR family and an arginyl-tRNA-protein transferase, which are likely 
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to be involved in transcriptional regulation process and post-translational regulation, respectively 
(Table 3.3).   
Table 3.3 The list of mini-Tn5Km mutants of B. glumae 336gr-1 showing altered phenotypes in 
extracellular protease activity    
    
Strain name Locus tag ϯ Phenotype δ Gene disrupted  











Excinuclease ABC subunit A 
 
336gr-1rm3 bglu_1g02410 - Phenylacetate-CoA oxygenase subunit PaaA 
336gr-1rm4 bglu_1g10190 - Diguanylate cyclase/phosphodiesterase 
336gr-1rm5 bglu_1g19530 NP Arginyl-tRNA-protein transferase 
ϯ – Corresponding gene IDs of the reference genome BGR1.  
δ – No extracellular protease activity (NP) and reduced extracellular protease activity (-) 
compared to the wild type parent 336gr-1.  
 
3.4. Discussion 
In this study, we found that the extracellular protease activity, encoded by prtA, is 
another critical virulence factor of B. glumae. According to the assay system used in this study, 
prtA appears to be solely responsible for the extracellular protease activity of B. glumae 336gr-1 
as determined by the diminished enzymatic activity of a prtA null mutant on NA-1% skim milk 
plates. Analysis of the putative sequence of PrtA predicted the first 27 N-terminus amino acids as 
an N-terminal signal peptide for the sec-dependent protein secretion, implying that this 
extracellular protease is secreted via a type II secretion system (Fig. 3.11A) (Korotkov, 
Sandkvist, and Hol 2012). Substantial reduction of the extracellular protease activity in the two-
type II secretion system deficient mutant backgrounds (gspD- and gspE-) proved this notion, 
although residual enzymatic activities were detected with those secretion mutants (Fig. 3.4). As 
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the type II secretion system exerts its function on the proteins exported from the cytoplasm to the 
periplasm via the sec or tat machinery, the observed residual activities are likely from the 
leakage of the PrtA proteases arrested in the periplasm of the gspD or gspE mutant. Blast search 
revealed the homologs of the PrtA protease among Burkholderia spp., including B. gladioli 
(another causal agent of BPB in rice) and other plant/animal pathogenic species (Fig. 3.10). 
Interestingly, another serine metalloprotease (MrpA) is also present in B. glumae. However, this 
protease does not contain a signal sequence (Fig. 3.11B), suggesting that its enzymatic function 
is limited to the cytoplasm but not related to the extracellular protease activity of B. glumae.  
 
Figure 3.10. A phylogenetic tree of PrtA and its homologs. The evolutionary history was inferred 
using the Neighbor-Joining method. The evolutionary distances were computed using the 
Poisson correction method. Analyses were conducted in MEGA7. Protein ID or accession 
number of each protease is presented in each bracket. Numbers within the parentheses represent 




Figure 3.11 The N-terminal signal peptide regions of PrtA (A) and MrpA (B) predicted by 
SignalP-4.1. 
 
A previous proteomic study by Goo et al. (2010) presented that 34 extracellular proteins 
including the serine metalloprotease (prtA) were produced under the regulation of the tofI/tofR 
QS and secreted via the type II secretion system in B. glumae BGR1. In that study, type II 
secretion-defective mutants (gspC-, gspE-, and gspJ-) exhibited substantial reductions in disease 
severity, indicating the importance of the type II secretion system-dependent extracellular 
proteins in the virulence of B. glumae BGR1. Our present study supports this, and strongly 
suggests that prtA is a major virulence factor among the type II secretion system-dependent 
extracellular proteins of B. glumae.        
Extracellular proteases play critical roles in bacterial pathogenesis (Lantz 1997; Frees et 
al. 2013), and several plant pathogens are known to rely on extracellular proteases for their 
pathogenic behaviors. A protease-deficient mutant of Xanthomonas campestris pv. campestris 
showed reduced ability to cause black rot systems on turnip leaves (Dow et al. 1990). In 
Xanthomonas oryzae pv. oryzicola, ecpA encoding an extracellular protease functions as a 
virulence factor in rice (Zou et al. 2012). Virulence functions of extracellular proteases were also 
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reported in the studies of soft-rot-causing plant pathogenic bacteria (Shevchik et al. 1998; Marits 
et al. 1999). Interestingly, a recently characterized extracellular protease gene in Xylella 
fastidiosa, prtA, was found to act as an anti-virulence factor, regulating cell growth, biofilm 
formation and pathogenicity (Gouran et al. 2016), suggesting the complex functions of 
extracellular protease in bacterial pathogenesis. To the best of our knowledge, the present study 
demonstrates the virulence function of an extracellular protease in plant pathogenic species of 
Burkholderia for the first time, although the zinc metalloproteases ZmpA and ZmpB were 
previously reported as potential virulence factors of the animal pathogenic strains of B. cepacia 
and B. cenocepacia (Corbett et al. 2003; Kooi et al. 2006). 
In B. glumae, major virulence factors are regulated by the QS system mediated by tofI 
and tofR (Kim et al. 2007; Chun et al. 2009b; Chen et al. 2012). Results of this study indicated 
that the extracellular protease activity was also dependent upon the tofI/tofR QS. The deletion of 
the entire tofI/tofR QS gene cluster, including tofI, tofM and tofR, abolished the extracellular 
protease activity in the assay system used in this study. However, the single-gene mutants for the 
individual tofI, tofM and tofR genes (LSUPB169, LSUPB 286, and LSUPB145, respectively) 
retained the enzymatic activity without any significant difference from the wild type (Figs. 3.5 
and 3.8). This observation is reminiscent of our previous data on toxoflavin production, in which 
toxoflavin production was completely inhibited by the deletion of the entire tofI/tofR QS gene 
cluster, while single-gene deletion mutants LSUPB145 (ΔtofI) and LSUPB169 (ΔtofR) still 
produced comparable amounts of toxoflavin on LB agar plates. In that study, deletion of tofM in 
the ΔtofI or ΔtofR background caused a substantial reduction of toxoflavin production on LB 
agar, suggesting that tofM plays a role as a pivotal ‘modulator’ in the tofR- and tofI-independent 
production of toxoflavin production by LSUPB145(ΔtofI) and LSUPB169 (ΔtofR), respectively. 
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The results of extracellular protease activity and toxoflavin production in our present and 
previous studies suggest the presence of unknown signaling/regulatory pathway(s) in B. glumae 
336gr-1 that regulate these virulence functions in conjuncture with the tofI/tofR QS system 
including tofM (Fig. 3.12). The extracellular protease activity was not affected by toxJ and toxR, 
which are regulatory genes essential for toxoflavin production (Fig. 3.7), indicating that specific 
regulatory pathway for each virulence function branches out following the tofI/tofR QS. 
Collectively, it can be speculated that, in B. glumae 336gr-1, the two virulence functions 
(extracellular protease activity and toxoflavin production) share a common signaling/regulatory 
pathway involving the tofI and tofR genes, but decoupling also occurs conditionally in the 
absence of tofI or tofR and in the downstream pathways specific to each virulence function. The 
regulatory pathway and its regulatory elements specific for the extracellular protease activity are 
currently being characterized following the screening of random mutants with altered 
extracellular protease activity.                  
In previous seminal studies by Dr. Hwang’s group on B. glumae BGR1, qsmR was 
characterized to be dependent on the tofI/tofR QS for its transcription and to have a pleiotropic 
regulatory function in flagellar biogenesis for motility and virulence, as well as in metabolic 
modulation for survival in stress conditions (Kim et al. 2007; An et al. 2014; Jang et al. 2014; 
Goo et al. 2017).  An RNA-seq study of B. glumae BGR1 performed by Kim et al. (2013) also 
supports those studies, in which tofI showed more important role in motility than qsmR did.  In 
this study, however, transcription of qsmR appeared to be independent of the tofI/tofR QS in B. 
glumae 336gr-1 (Fig. 3.9A), indicating the presence of variation between the two B. glumae 
strains in the regulatory system.  Another interesting fact found in this study was that qsmR 
functions as an essential regulatory factor for toxoflavin production in B. glumae 336gr-1. In B. 
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glumae BGR1, though disruption of qsmR caused a substantial reduction of toxoflavin 
production in the LB broth, the qsmR mutant produced comparable amounts of toxofalvin to the 
wild type parent in the LB agar medium condition (Kim et al. 2007). In B. glumae 336gr-1, 
however, toxoflavin production was almost abolished in the ΔqsmR background under both LB 
broth and LB agar medium conditions, indicating that both qsmR and the tofI/tofR QS are 
essential for this virulence function (Fig. 3.8C). Given the observation that qsmR only partially 
regulates toxJ and toxR (Fig. 3.7B), qsmR may also exert its regulatory function through an 
unknown regulatory pathway required for toxoflavin production. qsmR is also essential for the 
extracellular protease activity of B. glumae 336gr-1, indicating its global regulatory role for 
multiple virulence functions like the tofI/tofR QS.  
According to a schematic model based on the results from this study, both the tofI/tofR 
QS including tofM and qsmR are required for the toxoflavin production and the extracellular 
protease activity (Fig. 3.12). In the absence of tofI (or C8-HSL), unknown signal(s) may replace 
the function of C8-HSL, leading to the production of toxoflavin and the PrtA extracellular 
protease (Fig. 3.12). Likewise, in the absence of tofR, unknown receptor(s) of C8-HSL may 
replace the function of TofR to express the virulence functions (Fig. 3.12). However, in the 
tofI/tofR QS-deficient or ΔqsmR background, qsmR or the tofI/tofR QS alone, respectively, 
cannot make expression of the virulence functions (Fig. 3.12). The unknown signaling molecules 
and the alternative QS signal receptor inferred from the model need to be identified through 
further comprehensive genetic and biochemical studies to elucidate the molecular mechanism 
underlying the expression of virulence functions in the absence of tofI or tofR.     
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Figure 3.12 A schematic model of the signaling/regulatory network for the virulence functions of 
Burkholderia glumae 336gr-1.  The regulatory pathway through the tofI/tofR QS is indicated 
with the blue arrows, while that through qsmR is done with the red arrows. Partial influence of 
qsmR on the expression of tofR, toxJ and toxR is indicated with hatched red arrows. According to 
the current model, both actions of the tofI/tofR QS and qsmR (both blue and red arrows) are 
required for the two virulence functions, toxoflavin production and the PrtA protease activity. 
TofM is considered as a pivotal modulator for the tofI/tofR QS function. C8-HSL: Octanoyl-
homoserine lactone (produced by tofI).  
 
The apparent difference between two strains of B. glumae (336gr1 vs. BGR1) in the 
regulatory system involving the tofI/tofR QS and qsmR implies that a certain degree of variation 
exists in the signaling/regulatory systems among different strains of B. glumae. We previously 
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presented the diverse phenotypic variations related to virulence and pigmentation among the 
strains of B. glumae (Karki et al. 2012). Regarding that B. glumae 336gr-1 and B. glumae BGR1 
belong in the same clade based on genomic structure and phenotypes (Karki et al. 2012), it is 
very probable that the diversity of the regulatory network for virulence functions within the 
entire B. glumae species is even more profound than that observed in this study between the two 
strains. In fact, we recently found that another virulent U.S. strain of B. glumae produces 
toxoflavin even in the absence of the tofI/tofR QS (Lelis and Ham, unpublished).  
In addition, candidate genetic elements involved in the extracellular protease activity of 
B. glumae were newly identified in this study through screening of random mini-Tn5Km 
mutants. All of the mutants characterized showed reduced or non-protease activities, suggesting 
that the mutated genes exert positive functions for the extracellular protease activity. At least 
some of the mutated genes identified in this study encode protein products known to function in 
signal transduction (e.g. diguanylate cyclase/phosphodiesterase), post-translational regulation 
(e.g. arginyl-tRNA-protein transferase), and transcriptional regulation (e.g. LysR family 
transcriptional regulator), implying the high fidelity of this primary mutant screening process. 
Two other LysR-family transcriptional regulators, toxR (Kim et al. 2004) and ntpR (Melanson et 
al. 2017), were previously characterized in B. glumae. toxR regulates toxoflavin biosynthesis 
(Kim et al. 2004) (Fig. 3.7), but not the extracellular protease activity (Fig. 3.7). ntpR, on the 
other hand, is a negative regulator for toxoflavin production (Melanson et al. 2017)  but its 
function on extracellular protease has not been determined yet.  Nevertheless, further genetic 
studies are required to verify the regulatory function of each candidate gene identified in this 
study.     
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Conclusively, this study demonstrates: 1) the extracellular metalloprotease gene prtA is a 
new virulence factor of B. glumae; 2) the regulation pattern of extracellular protease activity is 
similar to that of the major virulence factor toxoflavin in the U.S. strain B. glumae 336gr-1; 3) 
qsmR functions as an essential regulatory gene for both extracellular protease activity and 
toxoflavin production in B. glumae 336gr-1; and 4) the global regulatory network involving the 
tofI/tofR QS and qsmR varies significantly between B. glumae 336gr-1 and B. glumae BGR1.  
This study also strongly suggests that high levels of variation exist among different strains of B. 
glumae in the signaling/regulatory network for bacterial pathogenesis, which should be seriously 
considered when we attempt to design target-oriented management strategies for this pathogen 
based on its biological properties.    
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CHAPTER 4. DIFFERENTIAL REGULATORY SYSTEMS OF VIRULENCE-
RELATED FUNCTIONS BETWEEN TWO STRAINS OF BURKHOLDERIA 
GLUMAE REQUIRE A COMMON MASTER REGULATOR QSMR 
  
4.1. Introduction 
The bacterial quorum sensing (QS) is a cell-to-cell signaling system involved in the 
production, release, and sensing of signaling molecules (autoinducers) in order to coordinate 
multicellular behaviors in response to the surrounding environments. Different bacterial cells 
produce a range of chemically distinct molecules that serve as QS signal, such as N-acyl 
homoserine lactones (AHLs), oligopeptides, autoinducer-2 (AI-2) molecules, and unsaturated 
fatty acids called diffusible signal factors (DSFs)(Ham 2013).  
B. glumae utilizes N-acyl-homoserine lactone (AHL)-based QS for the regulation of 
major virulence factors (Zhou-qi et al. 2016). tofI, a luxI homolog, is responsible for synthesizing 
two auto-inducer molecules, N-octanoyl homoserine lactone (C8-HSL) and N-hexanoyl 
homoserine lactone (C6-HSL). tofR, a luxR homolog, encodes for a transcriptional regulator 
which AHL molecules bind to (Kim et al. 2004). The C8-HSL-TofR complex activates the 
expression of toxR and toxJ, known regulatory elements for toxoflavin biosynthesis and transport 
(Kim et al. 2004). The TofI/TofR mediated QS is also responsible for regulating flagella 
biosynthesis through the transcriptional regulation of qsmR, flhC, and flhD (Kim et al. 2007), 
and lipase (Devescovi et al. 2007). 
QsmR, an IclR-type transcriptional regulator, also plays an essential role in the B. glumae 
regulatory system. It was first reported in the study of B. glumae as a regulatory component for 
flagella biosynthesis, and required for full virulence of B. glumae BGR1 (Kim et al. 2007). 
QsmR is an essential component for the regulation of toxoflavin and extracellular protease (Lelis 
et al. 2019) and was identified as one of the genetic elements for the TofI-independent 
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production of toxoflavin (Chen, Barphagha, and Ham 2015). QsmR also plays a central role in 
modulating bacterial metabolism under crowded but cooperative populations by regulating 
private and public good resources (An et al. 2014; Goo et al. 2017).  
Although the bacterial QS was reported as the central regulatory system for virulence-
related functions in B. glumae, genetic diversity of the QS regulon among strains of this 
pathogen have been reported. In B. glumae BGR1, deletion of a single gene or the whole 
tofI/tofM/tofR QS cluster led to complete abolishment of toxoflavin production (Kim et al. 2004). 
However, studies conducted with B. glumae 336gr-1 showed that single-gene deletion mutants, 
336gr-1ΔtofI and 336gr-1ΔtofR, retained a low level of toxoflavin production in LB broth, and an 
equivalent amount of toxoflavin to the parent strain (336gr-1) on LB agar plates (Chen et al. 
2012). The same study showed that deletion of the whole QS cluster led to the abolishment of 
toxoflavin in both media conditions. Furthermore, in a recent study, deletion of the tofI gene 
from a collection of 14 B. glumae strains from Japan showed a variation in toxoflavin 
production, where the majority of strains retained the toxin production in both LB agar and LB 
broth (Canadian Center of Science and Education. et al. 2014).  
Besides genetic variation, field strains of B. glumae are also phenotypically diverse. 
Nandakumar et al. (2009) reported a comprehensive characterization of B. glumae strains from 
rice-producing regions in the southern states of the U.S. Field strains of this bacterial pathogen 
showed diversity in terms of virulence. In a follow-up study, 19 isolates from Nandakumar’s 
work, including virulent and natural avirulent strains, were tested for a range of phenotypes and 
genome structure based on ERIC- and BOX-PCR. Phenotypic variation was observed in terms of 
toxoflavin production, pigmentation, and antifungal activity (Karki et al. 2012). In addition to 
that, phylogenetics analyses showed variation in genome structure. Two and three phyletic 
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groups were observed from BOX- and ERIC-PCR respectively. A correlation was found among 
virulent non-pigmented strains and genetic relatedness regardless of their geographic origins 
(Karki et al. 2012).  
Two out of the 19 strains were re-examined to decipher the genetic components 
responsible for the phenotypic variation observed among strains of this pathogen. B. glumae 
336gr-1 is a virulent, non-pigmented strain that produces toxoflavin as a major virulence factor 
and extracellular protease (Lelis et al. 2019; Chen et al. 2012; Karki et al. 2012). B. glumae 
411gr-6 is also a virulent strain that produces pigments on CPG media, including antibiotic 
compounds, and showed the highest antifungal activity against Rhizoctonia solani among strains 
tested (Karki et al. 2012). In this study, differential regulation of virulence-related functions 
between 336gr-1 and 411gr-6 was investigated focusing on the known regulatory genes, 
including the tofI/tofR QS genes and qsmR.   
4.2. Materials and methods 
4.2.1. Bacterial strains and growth conditions 
Bacterial strains used in this study are listed in Table 4.1. All strains of Escherichia coli, 
Burkholderia glumae, and Chromabacterium violaceum were grown and maintained in Luria-
Bertani (LB) broth or LB agar media at 30 C or 37 C. Antibiotics were supplemented as needed 
at the following concentrations; 100 μg/ml for ampicillin (Ap), 50 μg/ml for kanamycin (Km), 
20 μg/ml for gentamycin (Gm), and 100 μg/ml for nitrofurantoin (Nit). LB agar plates containing 
30% sucrose were used to select secondary homologous recombinant that lost the sucrose-




Table 4.1. The bacterial strains and plasmids used in this study 
 
Strain/Plasmid Description Source 
Burkholderia glumae 
336gr-1 A virulent toxin-producing U.S. strain, 
NitR 
(Nandakumar et al. 
2009) 
411gr-6 A virulent toxin-producing U.S. strain, 
NitR 
(Nandakumar et al. 
2009) 
257sh-1 An avirulent pigment-producing U.S. 
strain, NitR 
(Nandakumar et al. 
2009) 
LSUPB139 A ΔtofI-tofR derivative of 336gr-1 (Chen et al. 2012) 
LSUPB574 A ΔqsmR derivative of 336gr-1 (Lelis et al. 2019) 
LSUPB657 A ΔtofI-tofR derivative of 411gr-6 This study 
LSUPB597 A ΔqsmR derivative of 411gr-6 This study 
LSUPB658 A qsmR::pBBR1MCS-5 derivative of 
257sh-1 
This study 






A recA strain carrying the helper plasmid 
pRK2013::Tn7 
(Ditta et al. 1980) 
S17-1λpir A recA- strain carrying λpir (de Lorenzo et al. 1993) 
pBBR1MCS-5 A broad host range cloning vector, RK2 
ori, lacZα, GmR 
(Kovach et al. 1994) 
pKKSacBΔqsmR A DNA construct for ΔqsmR in pKKSacB; 
sacB, KmR 
(Lelis et al. 2019) 
pKNOCK-Km A suicide vector; R6K γ-ori, RP4 oriT, 
KmR 
(Alexeyev 1999) 
pSC-A-amp/kan A blunt-ended PCR cloning vector; f1 ori, 
pUC ori, lacZ’, KmR, AmpR 
(Agilent Technologies 
 (Santa Clara, CA) 
pUT:::mini-Tn5Km mini-Tn5Km in a suicide vector (pUT), 
AmpR, KmR 
(de Lorenzo et al., 1990) 
pSCqsmRUp A clone of the 485-bp 5’ portion of qsmR 
in psC-A-amp/kan, AmpR; KmR   
This study 
pSCqsmRDw A clone of the 693-bp 3’ portion of qsmR 
in psC-A-amp/kan, AmpR; KmR   
This study 
pBB5qsmRUp A clone of the 485-bp 5’ portion of qsmR 
in pBBR1MCS-5, RK2 ori, lacZα, GmR 
This study 
pBB5qsmRcomp A clone of qsmR in pBBR1MCS-5, RK2 
ori, lacZα, GmR 
This study 
Chromabacterium violaceum 
C. violaceum CV026 A biosensor strain that produces violacein 





4.2.2. DNA cloning and amplification 
Procedures for DNA cloning and amplification were conducted according to Sambrook et 
al. (2001). Genomic DNA was extracted using the GenElute Bacterial Genomic DNA Extraction 
kit (Sigma- Aldrich). PCR products were purified using the QuickClean 5M PCR Purification 
Kit (GenScript, Piscataway, NJ, USA). NanoDrop ND-100 Spectrophotometer (NanoDrop 
Technologies, Inc., Wilmington, DE, USA) was used to assess the quality and quantity of DNA 
samples. The DNA sequencing of PCR products and DNA clones were performed by Macrogen 
USA (Rockville, MD, USA). 
4.2.3. Generation of tofI-tofR and qsmR deletion mutants of 411gr-6 
Since QS genes (tofI, tofM, and tofR), and qsmR are conserved in both strains of B. 
glumae, same constructs used to generate 336gr-1ΔtofI-R (Chen et al. 2012) and 336gr-1ΔqsmR 
(Lelis et al. 2019) were used to generate 411gr-6ΔtofI-R and 411gr-6ΔqsmR, respectively. 
Plasmids containing the flanking sequences of the tofI/tofM/tofR gene cluster (pKKSacBΔtofI-R) 
and the qsmR gene (pKKSacBΔqsmR) were transformed into E. coli S17-1λpir through 
electroporation and then introduced into B. glumae via triparental mating with the help of E. coli 
HB101(pRK2013::Tn7). Single homologous recombinant of B. glumae was selected on LB agar 
medium containing Km and Nit. Selected mutants were grown overnight at 30 C in LB broth 
without adding any antibiotics. LB agar plates containing 30% sucrose were used to select 
recombinants that lost sucrose-sensitive gene (sacB) through secondary homologous 
recombination. Sucrose-resistant colonies of B. glumae were spotted on LB agar and LB agar 




4.2.4. Generation of pBB5qsmR 
485-bp PCR product, containing 5’ region plus 245 bp of the upstream flanking 
sequence, was amplified with the primer set, QSMPF1, and QSMPR2 (Table 4.2). A 693 bp 
downstream region was amplified with the primer set QSMRGNF2 and QSMRGNR2 (Table 
4.2). Resultant PCR products of the upstream and downstream regions were then cloned to pSC-
A-amp/kan to generate pSCqsmRUp and pSCqsmRDw, respectively. The upstream region, 
pSCqsmRUp, was further cloned to pBBR1MCS-5 using the PstI and EcoRI restriction enzymes 
to generate pBB5qsmRUp. Finally, the qsmR downstream region present in pSCqsmRDw was 
cloned to pBB5qsmRUp using the XhoI site present inside the gene and PstI restriction sites to 
obtain pBB5qsmRcomp. The DNA construct containing a functional qsmR, pBB5qsmRcomp, 
was primarily transformed into E. coli S17-1λpir through electroporation, and then introduced 
into B. glumae via triparental mating using the helper strain E. coli HB101(pRK2013::Tn7). B. 
glumae containing pBB5qsmRcomp plasmid was selected on LB agar with Gm and Nit.  
 
Table 4.2. Primer list 
 
Name Sequence (5’ – 3’) Reference 
TofI(H)F GTTCGTCAACGACGACTACG (Chen et al. 2012) 
TofR(H)R CATGAGCATGGAAAAGAGCA (Chen et al. 2012) 
qsmrDLcheckF  CGTGCTAGAACCTGAGAGAC (Lelis et al. 2019) 
qsmrDLcheckR ATCGTCCAGAGCACTTTCT (Lelis et al. 2019) 
QSMRGNF2 CGGTTCCGGGTTATTCATGTTC This study 
QSMRGNR2 GTCACCCGGCTCGAGAT This study 
QSMPF1 GTTGCGCAGCGTATCCTC This study 




4.2.5. AHL production assay  
AHL extraction was done following Kim et al. (2004) with some adaptations. Bacterial 
strains and mutants were grown in LB broth at 37 C overnight. 1.5 ml of each bacterial culture 
were centrifuged in order to collect the supernatant. AHL molecules were extracted from the 
supernatant with ethyl acetate (1:1), air-dried in a fume hood, and resuspended in 1% volume of 
sterile distilled deionized water. Chromabacterium violaceum CV026 was used as biosensor 
strain for the detection of AHL molecules. 20 µl of each culture extract was applied to the 
biosensor after inoculation on LB agar plates.  
4.2.6. Extracellular protease assay 
The pectolytic activity of B. glumae wild type strains and mutants was first assessed on 
NA plates supplemented with 1% of skim milk, following Huber’s method (Huber et al., 2001) 
with some modifications. Briefly, bacterial suspension was obtained from an overnight culture of 
each B. glumae strain or mutant in LB broth at 37 0C. The suspension was washed twice and 
resuspended in fresh LB broth to a final OD600 of 1.0.  Five microliters of the bacterial 
suspension were spotted on an NA plate amended with 1% skim milk, followed by incubation at 
37 C for 48 h. Extracellular protease activity was determined based on the presence of a halo 
zone formed around each bacterial colony due to degradation of skim milk.  
Quantification of enzymatic activity was done using azocasein (Sigma, Saint-Louis, MO, 
USA) as the proteolytic substrate, following the Chessa’s method (Chessa et al. 2000). Briefly, 
cell-free supernatant was obtained from an overnight bacterial culture grown in LB broth with 
the final OD600 of 1.0 across samples. 100 µl of each bacterial suspension was added to 100 µl of 
30 mg ml-1 azocasein and 300 µl of 20 mM Tris/1 mM CaCl2/pH 8. The reaction solutions were 
incubated for 1 hour at 37 C. A stop solution (500 µl of 100 mg ml-1 trichloroacetic acid (TCA) 
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was added to the reaction, following centrifugation at 13,000 X g for 2 min. Quantification was 
done by measuring the absorbance of each reaction at 366nm using a spectrophotometer 
(Biomate 3, Thermo Electron Corp.). Fresh medium without bacterial cells was used for the 
blank control.  
4.2.7. Toxoflavin extraction and quantification 
Toxoflavin extraction was conducted following the previously established method (Kim 
et al., 2004) with some modifications. Briefly, bacterial strains were grown in the LB broth for 
24 h at 37 C in a shaking incubator rotating at 200 rpm. One ml of bacterial supernatant was 
obtained after centrifugation of bacterial cultures at 16,000 g for 1 min. Extraction of toxoflavin 
from 1ml of bacterial suspension was done through mixing 1:1 ratio (v:v) of chloroform and 
bacterial supernatant, following centrifugation at 12,000 g for 5 min to separate the chloroform 
phase. The chloroform phase was transferred to a new microtube and placed in a fume hood 
overnight to evaporate. Toxoflavin was resuspended in 1 ml of 80% methanol. Absorbance was 
measured at 393 nm (OD393) using the BioMate 3 spectrophotometer (Thermo Electron Corp.). 
Fresh medium without bacterial cells, instead of a bacterial culture, was used for the blank 
control.  
4.2.8. Quantitative reverse transcription-PCR (qRT-PCR) 
RNA of B. glumae strains and mutants were obtained from 10 ml of overnight culture in 
LB broth at 37°C. One ml of each bacterial culture was washed twice and resuspended in equal 
volumes of fresh LB broth. Ten µl of the resuspended bacterial cells was inoculated in 10 ml LB 
broth and incubated at 37°C until bacterial culture reaches OD600=1.0. An aliquot of 1 ml of the 
suspension was centrifuged to remove supernatant, and bacterial cells were frozen in liquid 
nitrogen. TRIzol® Reagent (Ambion® Life Technologies, Grand Island, NY, USA) was used to 
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resuspend cells. RNA extraction and DNase treatment were performed using Direct-zolTM RNA 
MiniPrep Kit (Zymo Research, Irvine, CA, USA), following the manufacturer’s instructions. 
cDNA was prepared using iScriptTM gDNA Clear cDNA Synthesis Kit (Bio-Rad Laboratories, 
Hercules, CA, USA), following the manufacturer’s instruction. Quantitative PCR (qPCR) was 
performed using SsoAdvanceTM Universal SYBR- Green Supermix (Bio-Rad Laboratories, Inc., 
Hercules, CA, USA), following the manufacturer’s instruction. Reactions were conducted in a 
Bio-Rad CFX Connect thermal cycler (Bio-Rad Laboratories, Inc.). Expression values were 
normalized using two housekeeping genes, gyrA, and 16S. A two-tailed t-test was performed for 
the statistical analyses of the qRT-PCR data using SAS version 9.3. 
4.2.9. Virulence Assay on Rice Plants 
Virulence assay was conducted in the greenhouse using rice variety Trenasse which is 
highly susceptible to bacterial panicle blight. Rice panicles were inoculated as following: 
overnight cultures of B. glumae strains on LB broth were washed using sterile tap water and 
resuspended to a final concentration of ~ 5x108 CFU/ml (OD600 = 0.1). Rice plants at the ~ 30% 
heading stage were inoculated twice with a two-day interval using a hand sprayer. Disease 
symptoms were evaluated five times during 14 days after the first inoculation. Disease severity 
was determined based on a 0 -9 scale: no symptom, 0; 1–10% symptomatic area, 1; 11–20% 
symptomatic area, 2; 21–30% symptomatic area, 3; 31–40% symptomatic area, 4; 41–50% 
symptomatic area, 5; 51–60% symptomatic area, 6; 61–70% symptomatic area, 7; 71–80% 
symptomatic area, 8; and more than 80% symptomatic area, 9. Greenhouse experiments were 
repeated three times. In each independent experiment, the disease severity of each rice plant was 
scored for each treatment with five replications.  
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Rice seedlings were inoculated with bacterial cells grown overnight on LB agar plates at 
37 0C, for which bacterial cells from single colony were collected using a toothpick and stabbed 
into the rice stem at the seedling stage (3-week-old). Bacterial population was determined by 
real-time PCR fourteen days after inoculation.  
4.2.10. Standard curve preparation  
The real-time PCR assay was conducted with a series of pre-determined concentration of 
DNA derived from bacterial cells of B. glumae 336gr-1 at a concentration varying from 101 to 
108 CFU/ml, following Nandakumar et al. (2009). A standard curve was generated by plotting Ct 
values and the log values of DNA concentrations associated with the concentrations of bacterial 
cell. A linear relationship was obtained between the values with a correlation coefficient (r2) of 
0.987. Population quantification was then determined by the substitution of the Ct values of B. 
glumae–infected seedlings. 
4.2.11. Virulence assay on onion 
Virulence assay was conducted using onion bulb scales, following previously established 
method (Jacobs et al. 2008). Briefly, B. glumae strains and mutants were grown overnight in LB 
broth at 37 C. Five µl of the bacterial suspension at OD600= 0.1 in 10 mM MgCl2 was inoculated 
into onion bulb scale with a micropipette tip. Inoculated onion scale was placed in a wet-
chamber at 30 C. The virulence on onion was determined by measuring the macerated zone 
around each inoculation site at 48 h after inoculation.  
4.3. Results  
4.3.1. Deletion of the tofI/tofM/tofR cluster in the virulent strain of B. glumae, 411gr-6, did 
not abolish the production of toxoflavin and extracellular protease 
 
Since the TofI/TofR-mediated QS system is required for toxoflavin production in 336gr-1 
(Chen et al., 2012), and extracellular protease production (Lelis et al., 2019), a ΔtofI-tofR 
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(deletion of the tofI/tofM/tofR cluster) derivative of 411gr-6, was generated to confirm the 
requirement QS as a major regulatory system for toxoflavin and extracellular protease. The 
deletion of the whole QS gene cluster (tofI, tofM, and tofR) was confirmed by PCR using primers 
TofI(H)F and TofR(H)R, correspondent to the flanking regions of tofI and tofR (Table 4.2) (Fig. 
4.1A). AHL production of the QS mutant derivatives of 336gr-1 and 411gr-6 was tested using 
the biosensor strain Chromabacterium violaceum CV026. C. violaceum produces a purple 
pigment named violacein in the presence of exogenous AHL compounds, including C6-HSL and 
C8-HSL (McClean et al., 1997). The culture extract from both, 336gr-1 and 411gr-6, induced 
violacein production (Fig. 4.1B). None of the QS mutant extract induced observable violacein, 
indicating the lack of AHL molecules synthesis by these mutants (Fig. 4.1B).  
 
Figure 4.1. Confirmation of LSUPB657 deletion by diagnostic PCR and N-acyl homoserine 
lactone production. (A) Amplification of PCR products using primer set TofI(H)F and TofR(H)R 
to confirm the deletion of the tofI/tofM/tofR gene cluster (ΔtofI-tofR) in LSUPB657. 1, 
pKKSacBΔtofI-tofR; 2, LSUPB657 (411ΔtofI-tofR); 3, 411gr-6 (wild type). (B) Production of 
purple pigment, violacein, by Chromobacterium violaceum CV026, in the presence of AHL 
molecules in the culture extracts of the B. glumae 336gr-1 and 411gr-6 (wild type strains), and 











The ΔtofI-tofR derivative of 336gr-1 (LSUPB139) completely lost its ability to produce 
extracellular protease on NA agar (Fig. 4.2A), and protease activity of cell-free supernatant using 
azocasein (Fig. 4.2B).  Toxoflavin production, which can be visualized as yellow color on LB 
agar and quantified after chloroform extraction, was also abolished in LSUPB139 (Fig. 4.2C and 
4.2D). However, the ΔtofI-tofR derivative of 411gr-6 (LSUPB657) retained the ability to produce 
extracellular protease (Fig. 4.2A and 4.2B), and toxoflavin at a lower level compared to its 
parent strain 411gr-6 and at a similar level to the less virulent strain 336gr-1 (Fig. 4.2C and 
4.2D). 
 
Figure 4.2. Extracellular protease activities and toxoflavin production of Burkholderia glumae 
336gr-1, 411gr-6 and their DtofI-tofR derivatives. (A) The extracellular protease activities of the 
wild type strains (336gr-1 and 411gr-6) and their QS mutants, 336gr-1DtofI-R (LSUPB139) and 
411gr-6DtofI-R (LSUPB657), on a nutrient agar (NA) plate supplemented with 1% skim milk. B) 
Quantification of protease activities of the cell-free supernatant using azocasein as the substrate 
from the same set of B. glumae strains grown in the LB broth. (C) Toxoflavin production of the 
wild type strains (336gr-1 and 411gr-6) and their QS mutants, 336gr-1DtofI-R (LSUPB139) and 
411gr-6DtofI-R (LSUPB657), on LB agar plates. (D) Quantities of toxoflavin produced by the 
same set of B. glumae strains extracted with chloroform. Error bars represent the standard errors 
of experiments in triplicate. Columns with different letters indicate statistically significant 




































































4.3.2. Expression of qsmR was not significantly affected by the TofI/TofR QS system in 
both wild type strains 336gr-1 and 411gr-6  
 
For understanding the differential regulation of toxoflavin between the two B. glumae 
strains, the expression level of known regulatory genes involved in toxoflavin production were 
tested by qRT-PCR. toxA, toxR, and toxJ, which are involved in toxoflavin biosynthesis (toxA) 
and its regulation (toxR and toxJ), were up-regulated in 411gr-6 compared to 336gr-1 and 
expressed at much lower levels in each QS-deficient background (Fig. 4.3). The expression level 
of toxA, unlike that of toxR and toxJ, was retained remarkably (even though reduced) in 411gr-
6ΔtofI-R, suggesting the presence of TofI/TofR-independent pathway(s) to control toxoflavin 
biosynthesis (Fig. 4.3). The expression level of qsmR, a regulatory gene for quorum-sensing, was 
not significantly reduced in the QS mutants of both wild type strains, suggesting that qsmR 
expression is independent of the TofI/TofR QS system (Fig. 4.3). 
 
Figure 4.3. The expression level of the known regulatory genes involved in the production of 
toxoflavin. The expression levels of qsmR, toxA, toxJ and toxR in the wild type strains (336gr-1 
and 411gr-6) and their ΔtofI-tofR derivatives (LSUPB139 and LSUPB657 for 336gr-1 and 
411gr-6, respectively). Fold change of each gene in qRT-PCR was calculated by the 2−ΔΔCt 
methods, and expression was normalized using the reference genes gyrA, and 16S rDNA. Error 
bars represent the standard errors of data from two independent experiments with three 
replications. Columns followed up with (*) indicate significant differences among data at P < 






























4.3.3. qsmR is required for toxoflavin and extracellular protease production in both 336gr-1 
and 411gr-6 
 
411gr-6ΔtofI-R retained its ability to produce toxoflavin and extracellular protease, 
suggesting that other regulatory components are required for the regulation of these virulence 
factors. Since expression level of qsmR was retained in both 336gr-1ΔtofI-R and 411gr-6ΔtofI-R, 
we generated a qsmR mutant to investigate its function associated to the toxoflavin production in 
both strains. qsmR knockout mutants was generated using a pKKSacB system (Chen et al. 2012). 
Remarkably, deletion of qsmR abolished toxoflavin production in LB agar and LB broth (Fig. 
4.4E and 4.4F), as well as extracellular protease activity (Fig. 4.4A and 4.4D) in both 336gr-1 
and 411gr-6. These results indicate the master regulatory role of the qsmR gene for the bacterial 
production of toxoflavin and extracellular protease.  
 
Figure 4.4. Extracellular protease activities and toxoflavin production of wild types (336gr-1 and 
411gr-6), ΔtofI-tofR derivatives of 336gr-1 (LSUPB139) and 411gr-6 (LSUPB657), and ΔqsmR 
derivatives of 336gr-1 (LSUPB574) and 411gr-6 (LSUPB597). (A and C) The extracellular 
protease production on NA plates supplemented with 1% skim milk. (B and D) The proteolytic 
activity in the cell-free supernatant of the wild type and mutant strains of B. glumae. (E and F) 
The toxoflavin production in LB broth of the wild type and mutant strains of B. glumae. 
Extracellular protease can be visualized as a halo zone around the colonies on NA 1% skim milk. 
Error bars represent the standard error of data from three independent experiments with three 















































































































4.3.4. The ΔtofI-tofR derivative of 411gr-6 retained the ability to cause symptoms on rice 
panicles 
 
QS regulates the expression of major virulence factors in B. glumae and disruption of this 
system led to a drastic reduction of disease severity caused by B. glumae 336gr-1 and BGR1 on 
rice panicles (Kim et al. 2004; Chen et al. 2012). Since 411gr-6ΔtofI-R (the descriptive name of 
LSUPB657 in this chapter) retained a high level of toxoflavin production and extracellular 
protease, it was expected that this mutant would remain virulent to rice plants. To further 
characterize the virulence of 411gr-6ΔtofI-R, rice panicles were inoculated with B. glumae 
strains, 336gr-1, 411gr-6, and their respective QS mutants. In the greenhouse tests for virulence, 
both of the wild type strains 336gr-1 and 411gr-6 were able to induce a high level of disease 
severity in the rice panicles with disease scores as much as 60% and 75%, respectively (Fig. 
4.6A). The QS mutants, 336gr-1ΔtofI-R (the descriptive name of LSUPB139) and 411gr-6ΔtofI-
R, were still able to cause disease in the rice plants with ca. 47% and 31% reduction of disease 
severity, respectively, compared to their parents (Fig. 4.6A). Remarkably, 411gr-6ΔtofI-R 
exhibited a similar level of virulence to 336gr-1 (Fig. 4.6A). 
 
4.3.5. Deletion of qsmR in 336gr-1 and 411gr-6 let to the abolishment of disease symptoms 
in rice seedlings  
 
The observed phenotypic variations among QS and qsmR mutants of 336gr-1 and 411gr-6 
prompted us to investigate virulence phenotype comparing these two regulatory systems. We 
speculated that inoculation of LSUPB574 (336gr-1ΔqsmR) and LSUPB597 (411gr-6ΔqsmR) 
could potentially lead to a reduction of disease severity caused by these mutants. Inoculation was 
done in rice plants at the seedling stage, and disease progress was assessed at 14 days after 
inoculation. The bacterial population was determined by real time-PCR (RT-PCR). RT-PCR 
assay was conducted with a series of pre-determined concentration of DNA derived from 
 100 
bacterial cells of B. glumae 336gr-1 at a concentration varying from 101 to 108 CFU/ml, 
following Nandakumar et al. (2009). A standard curve was generated by plotting Ct values and 
the log values of DNA concentrations (Fig. 4.5). A linear relationship was obtained between the 
values with a correlation coefficient (r2) of 0.987. Population quantification was then determined 
from B. glumae-infected and healthy seedlings.  
 
Figure 4.5. The standard curve obtained from log of DNA values derived from bacterial 
concentrations from 101 to 108 CFU/ml of B. glumae 336gr-1. The correlation coefficient (r2) 
was obtained by plotting log values of DNA concentrations and Ct values derived from real-time 
PCR. A linear relationship with r2 of 0.987 was obtained between data tested.  
  
Symptoms from wild type strains (336gr-1 and 411gr-6) initially appeared as browning 
coloration around the inoculation and developed to a full long lesion extending to most of the 
rice stem and leaf sheath (Fig. 4.6C). LSUPB139 (336gr-1ΔtofI-R) induced small legion size, 
developing into necrosis but limited to the surrounding area of the inoculation site, while 
LSUPB657 (411gr-6ΔtofI-R) showed long lesion size with symptoms extended to part of rice 
stem similar to its parental strain (Fig. 4.6C). The 411gr-6 population density was higher among 
all inoculated strains, while 336gr-1 and LSUPB647 (411gr-6ΔtofI-R) had similar population 
















level (Fig. 4.6B). qsmR mutants of 336gr-1 and 411gr-6, on the other hand, did not induce any 
observable symptoms on rice seedlings (Fig. 4.6B).   
 
Figure 4.6. The virulence function of B. glumae wild type strains and their respective QS and 
qsmR mutants. (A) Disease progress curves of rice panicles inoculated with B. glumae 336gr-1, 
411gr-6, and their QS mutant derivatives, LSUPB139 (336gr-1DtofI-R) and LSUPB657 (411gr-
6DtofI-R). Virulence was scored using a 0–9 scale in which 0 indicated no symptoms and 9 
indicated more than 80% discolored panicles. Greenhouse experiments were repeated three 
times. In each independent experiment, disease severity of each rice plant was scored for each 
treatment with five replications.  (B) Bacterial population in rice plants inoculated at the seedling 
stage with B. glumae 336gr-1, 411gr-6, and their QS mutant derivatives, LSUPB139 (336gr-
1DtofI-R) and LSUPB657 (411gr-6DtofI-R), and qsmR derivatives, LSUPB574 (336gr-1ΔqsmR) 
and LSUPB597 (411gr-6ΔqsmR). Greenhouse experiments were repeated twice with five 
replications. (C) Disease symptoms on rice stem by B. glumae wild type and mutant strains. The 
photo was taken 14 days after inoculation. The letters at the ends of individual data curves and 
on the tops of individual columns indicate statistically significant differences at P < 0.05 based 
































































































































 4.3.6. Expression of qsmR in trans restored toxoflavin production and virulence of the 
natural avirulent strain, B. glumae 257sh-1 
 
In a previous study conducted by Karki et al. (2012), 11 strains of B. glumae were 
identified as natural avirulent strains by virulent assays conducted in the greenhouse and the 
field; however, the genetic background underlying this phenotype has not been characterized yet. 
To determine the function of qsmR as a master regulator for toxoflavin production and virulence 
among B. glumae strains, a DNA fragment from 336gr-1 containing qsmR coding region and the 
promoter region was cloned in a broad host range cloning vector (pBBR1MCS-5) (Kovach et al., 
1995). The resultant plasmid containing qsmR (pBBqsmR) was transformed into B. glumae 
257sh-1, a natural avirulent strain, and tested for toxoflavin production and virulence on onion. 
The 257sh-1 carrying pBBqsmR (LSUPB658 and LSUPB659) recovered its ability to produce 
toxoflavin on LB agar plates (Fig. 4.7A) and virulence on onion assay (Fig. 4.7B and 4.7C).   
 
Figure 4.7. Toxoflavin production and virulence of virulent and natural avirulent strains of B. 
glumae. (A) Toxoflavin production on LB agar plates of the natural avirulent strain, 257sh-1, and 
257sh-1 carrying a functional qsmR clone, pBB5qsmR (LSUPB658). (B and C) Maceration zone 
of onion bulb scales caused by the strains of virulent wild type (336gr-1 and 411gr-6), avirulent 


















































In this study, we found that the phenotypic variation previously observed between two 
virulent strains of B. glumae, 336gr-1 and 411gr-6, is associated with the differential gene 
regulation dependent upon two primary regulatory systems, TofI/TofR-mediated quorum sensing 
and qsmR. 
In B. glumae, the QS system mediated by TofI/TofR is known to be the major regulatory 
circuit that governs the expression of multiple virulence factors (Zhou-qi et al. 2016). In this 
study, extracellular protease and toxoflavin production were abolished in LSUPB139 (336ΔtofI-
tofR) (Fig. 4.2A and C), consistent with previous studies that showed the dependency of 
toxoflavin and extracellular protease production on the TofI/TofR QS system (Kim et al., 2004; 
Lelis et al., 2019). Intriguingly, even though no AHL signals were detected from the biosensor 
assay (Fig. 4.1B), the ΔtofI-tofR derivative of 411gr-6 (LSUPB657) retained the ability to 
produce the same virulence factors, but in a lower level compared with its parent strain 411gr-6 
(Fig. 4.2A and C) and similar level to 336gr-1. This suggests that at least some strains of B. 
glumae operate additional regulatory/signaling pathway(s) for pathogenesis that are independent 
of the TofI/TofR QS.      
Chugani et al. (2012) tested the variation in QS regulon from strains of Pseudomonas 
aeruginosa isolated from different ecological habitats. In their findings, a set of genes under the 
control of QS were shared among all strains tested independent of the ecological niche. 
Furthermore, they also identified a strain-specific set of genes controlled by QS that correlates to 
the habitat of these strains tested. Variation of quorum sensing regulon among different species 
are often associated with the diverse habitats that bacteria occupy, and global regulatory systems, 
such as QS, play a crucial role during the process of adaptation. However, little information is 
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known regarding intraspecies variation in quorum sensing regulon, especially from strains that 
are derived from the same niches such as B. glumae 336gr-1 and B. glumae 411gr-6.      
Although 336gr-1 and 411 gr-6 showed a high level of disease severity when inoculated 
on rice panicles and stems, 411gr-6 showed to be more aggressive (Fig. 4.6A and C). The panicle 
blight caused by 411gr-6 covered a larger area of the panicles and more extended lesions sizes on 
the stem, and a larger bacterial population was observed with this strain in the host plant (Fig. 4.6 
A and C). These findings correlate well with a higher level of toxoflavin and extracellular 
protease activity observed from this B. glumae strain. As expected, 411gr-6ΔtofI-R retained its 
ability to cause symptoms on rice panicles and stem. Although reduced compared to its parent 
strains (411gr-6), 411gr-6ΔtofI-R exhibited a similar level of virulence to 336gr-1 (Fig. 4.6A and 
B).  
Intraspecies variations in quorum sensing regulons may be caused by differences in 
genome content and or by differences in gene expression. To test if there is differential gene 
expression, the expression level of known regulatory genes involved in toxoflavin production 
were tested by qRT-PCR. toxA, toxR, and toxJ, which are involved in toxoflavin biosynthesis 
(toxA) and its regulation (toxR and toxJ), were up-regulated in 411gr-6 compared to 336gr-1 and 
expressed at much lower levels in each QS-deficient background (Fig. 4.3). The expression level 
of toxA, unlike that of toxR and toxJ, was retained (even though reduced) in 411gr-6ΔtofI-R, 
being congruent with the toxoflavin phenotype observed from this mutant. Nevertheless, these 
results suggest the presence of strain-specific regulatory components that may play a role in 
toxoflavin production.   
Interestingly, the expression level of qsmR was not affected by the deletion of the QS 
genes from 411gr-6 (Fig. 4.3), suggesting that qsmR transcription is independent of QS in 441gr-
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6. Similar results were obtained from our previous study with 336gr-1 (Lelis et al., 2019). In a 
previous study conducted by Kim et al. (2007), however, qsmR was described as dependent on 
the TofI/TofR QS system for its transcription in B. glumae BGR1, demonstrating that regulation 
of qsmR has a strain-specific component. Furthermore, RNA-seq analyses of Burkholderia 
thailandensis reported that qsmR was repressed in the QS mutant background (Majerczyk et al. 
2014), adding another level of complexity to this regulatory system. Variation in genome 
sequence among B. glumae strains could play a significant role in the differential regulation of 
this gene. Full nucleotide sequence of qsmR and 200 bp upstream of the gene including the 
promoter region from 336gr-1, 411gr-6 and BGR1 were analyzed. No variation was detected 
from the 200 pb pair sequences among the strains tested. Coding region of qsmR in 336gr-1 and 
BGR1 is identical; however, 411gr-6 has a base substitution in the gene sequence. 
It is clear that qsmR plays a critical role in the regulation of virulence factors in B. glumae 
336gr-1 and BGR1. Therefore, a deletion mutant of qsmR was generated in 411gr-6. 
Remarkably, deletion of qsmR abolished toxoflavin production and extracellular protease activity 
in both 336gr-1 and 411gr-6 (Fig. 4.4). In addition to that, qsmR mutants of 336gr-1 and 411gr-6 
did not induce any observable symptoms on rice seedlings but its population still been detected 
in inoculated plants (Fig. 4.6B). B. glumae is a seed-borne pathogen, and evidence for its 
endophytic growth in rice plants was reported recently (Li et al. 2016, 2017). It is possible that 
qsmR mutants survive as an endophyte in rice seedlings without causing any symptoms; 
however, their pathogenic behaviors at the later rice developmental stages needs to be 
investigated.   
From the alignment of amino acid sequence of 257sh-1 with two virulent strains of B. 
glumae, 336gr-1 and BGR1, we observed a point mutation in the 257sh-1 QsmR sequence, 
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which could potentially have changed the function of this protein (Chapter 2, figure 2.6F). To 
further explore the role of qsmR on the virulence of B. glumae strains, qsmR coding region and 
245 bp upstream the gene derived from 336gr-1 was cloned in a broad host range vector 
(pBBR1MCS-5) and transformed into B. glumae 257sh-1, a natural avirulent strain that does not 
produce toxoflavin (Karki et al. 2012). The 257sh-1 carrying pBBqsmR recovered its ability to 
produce toxoflavin and virulence on onion assay (Fig. 4.7). An interesting fact is that all 
avirulent strains from our collection were originally isolated from rice plants showing bacterial 
panicle blight symptoms and some were observed with high antifungal activity (Nandakumar et 
al. 2009; Karki et al. 2012). Whether these strains lost their virulence during infection process or 
avirulent cells are present innately in the natural condition is still not clear. However, caution is 
required when it comes to the use of these strains as biocontrol agents since natural avirulent 
stains could easily regain their virulence via horizontal gene transfer from virulent strains, 
according to our observation of 257sh-1 complemented with a functional qsmR from 336gr-1 in 
its restoration of virulence.  
B. glumae was considered a good model to study QS circuit due to the presence of a 
single AHL-type QS (TofI/TofR QS) regulating most of the virulence-related genes, which 
would also make this regulatory system a good target for the management of the pathogen. 
However, we show here that different strains of the pathogen could utilize other types of 
mechanism for the regulation of virulence factors in addition to the known QS system. 
Nevertheless, qsmR appears to be a master regulatory factor for the virulence of B. glumae 
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CHAPTER 5. CONCLUSIONS 
Bacterial panicle blight of rice (BPB) caused by Burkholderia glumae is the major 
bacterial disease of rice (Ham, Melanson, and Rush 2011). BPB is particularly important due to 
its presence in many rice-producing areas worldwide (Zhou-qi et al. 2016). It can infect a wide 
range of crops such as tomato, potato, and eggplant (Jeong et al. 2003), and cause severe damage 
to rice production under right environmental conditions (Nandakumar et al. 2009). However, 
managing the disease still very limited due to the lack of effective methods (Zhou-qi et al. 2016).  
B. glumae strains show phenotypic variation in terms of toxin production, pigmentation, 
and virulence (Karki et al. 2012); however, genetic elements governing the phenotypic variation 
are not fully characterized. Comparative genomics of B. glumae strains can provide a better 
understanding of the genome organization as well as global metabolism and abundance of 
virulence genes. Full genome sequence of two virulent strain (BGR-1 and 336gr-1), and an 
avirulent strain 257sh-1 were used for comparative genome studies and genome-wide metabolic 
pathway analyses. The full genome sequence alignment of the three strains reveals significant 
variation in the genome structure and the presence of strain-specific regions across the genome. 
Although genomic variation among the three strain was observed, metabolic pathways were still 
conserved, and little variation was detected in known virulence genes. Interestingly, several point 
mutations were identified in the regulatory genes of the avirulent strain, 257sh-1, which is 
presumably responsible for its avirulence phenotype. 
The bacterial Quorum-sensing (QS) is an essential component for the regulation of 
virulence-related function in B. glumae; however, questions remain regarding the function of QS 
as a global regulator for the pathogenicity of B. glumae and its function for different strains. To 
further investigate the regulatory function of QS, the transcriptome profile of 336gr-1 and tofI-
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tofR QS mutant obtained through sequencing of the mRNA was compared to identify 
differentially expressed genes (DEGs) and the potential QS regulon. Among DEGs identified, a 
serine metalloprotease (prtA) was down-regulated in the QS mutant, and a prtA mutant was 
generated to understand its role in bacterial pathogenesis. Inoculation of prtA null mutants of the 
virulent strain, 336gr-1, did not show a detectable extracellular protease activity, indicating that 
prtA is solely responsible for the extracellular protease activity detected from this bacterium. 
Also, inoculation of rice panicles with the prtA mutants resulted in a significant reduction of 
disease severity compared with the parent strain (336gr-1), suggesting the requirement of prtA 
for the full virulence of B. glumae. The prtA-driven extracellular protease activity was dependent 
on both the TofI-TofR quorum-sensing (QS) and the global regulatory gene, qsmR, indicating 
the critical roles of the two global regulatory factors for the bacterial pathogenesis by this 
pathogen.   
Although QS has been reported to be the central regulatory system for virulence-related 
functions in B. glumae, genetic studies carried with different strains presented a diversity of the 
regulatory network, suggesting that other components may play an essential role in the process 
of pathogenicity. Genetic studies were carried out with B. glumae 336gr-1, 411gr-6 and its 
respective QS and QsmR mutants. 411gr-6 retained toxoflavin, and extracellular protease 
production, and pathogenic functions in the absence of the tofI-tofR quorum-sensing system, 
while 336gr-1 QS mutant completely lost its toxin, protease production and pathogenic function. 
Remarkably, deletion of qsmR, a regulatory gene for the QS of B. glumae, abolished toxoflavin 
production, and extracellular protease activity in both 336gr-1 and 411gr-6 strains. Furthermore, 
the complementation of 257sh-1, an avirulent strain of B. glumae, with a functional qsmR 
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restored its virulence function, indicating the master regulatory role of this gene for the bacterial 
pathogenesis. 
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APPENDIX A. Distribution of secretion system clusters in B. glumae BGR1 (Table 1A), 336gr-
1 (Table 1B), 257sh-1 (Table 1C) 
Table 1A 
Type II secretion system 
RAST ID KEGG KO Protein  
fig|626418.22.peg.28 K02463 gspN; general secretion pathway protein N 
fig|626418.22.peg.29 K02462 gspM; general secretion pathway protein M 
fig|626418.22.peg.30 K02461 gspL; general secretion pathway protein L 
fig|626418.22.peg.31 K02460 gspK; general secretion pathway protein K 
fig|626418.22.peg.32 K02459 gspJ; general secretion pathway protein J 
fig|626418.22.peg.33 K02458 gspI; general secretion pathway protein I 
fig|626418.22.peg.34 K02457 gspH; general secretion pathway protein H 
fig|626418.22.peg.35 K02456 gspG; general secretion pathway protein G 
fig|626418.22.peg.36 K02452 gspC; general secretion pathway protein C 
fig|626418.22.peg.37 K02455 gspF; general secretion pathway protein F 
fig|626418.22.peg.38 K02454 gspE; general secretion pathway protein E 
fig|626418.22.peg.39 K02453 gspD; general secretion pathway protein D 
     
      
Type III secretion system 
RAST ID KEGG KO Protein  
fig|626418.22.peg.4008 K03220 yscD; type III secretion protein D 
fig|626418.22.peg.4010 K18379 hpaA; type III secretion regulatory protein HpaA 
fig|626418.22.peg.4011 K03227 yscS; type III secretion protein S 
fig|626418.22.peg.4012 K03226 yscR; type III secretion protein R 
fig|626418.22.peg.4013 K03225 yscQ; type III secretion protein Q 
fig|626418.22.peg.4014 K18381 hpaC; type III secretion control protein HpaP 
fig|626418.22.peg.4015 K03230 yscV; type III secretion protein V 
fig|626418.22.peg.4016 K03229 yscU; type III secretion protein U 
fig|626418.22.peg.4017 K18373 hrpB1; type III secretion protein HrpB1 
fig|626418.22.peg.4018 K18374 hrpB2; type III secretion inner rod protein HrpB2 
fig|626418.22.peg.4019 K03222 yscJ; type III secretion protein J 
fig|626418.22.peg.4021 K03223 yscL; type III secretion protein L 
fig|626418.22.peg.4022 K03224 
yscN; ATP synthase in type III secretion protein 
N  
fig|626418.22.peg.4024 K03228 yscT; type III secretion protein T 
fig|626418.22.peg.4026 K03219 yscC; type III secretion protein C 
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Type VI secretion system 
RAST ID KEGG KO Protein  
fig|626418.22.peg.388 K11892 impK; type VI secretion system protein ImpK 
fig|626418.22.peg.389 K11893 impJ; type VI secretion system protein ImpJ 
fig|626418.22.peg.390 K11906 vasD; type VI secretion system protein VasD 
fig|626418.22.peg.392 K11901 impB; type VI secretion system protein ImpB 
fig|626418.22.peg.393 K11900 impC; type VI secretion system protein ImpC 
fig|626418.22.peg.394 K11903 
hcp; type VI secretion system secreted protein 
Hcp 
fig|626418.22.peg.395 K11897 impF; type VI secretion system protein ImpF 
fig|626418.22.peg.396 K11896 impG; type VI secretion system protein ImpG 
fig|626418.22.peg.397 K11895 impH; type VI secretion system protein ImpH 
fig|626418.22.peg.398 K11907 vasG; type VI secretion system protein VasG 
fig|626418.22.peg.399 K11902 impA; type VI secretion system protein ImpA 
fig|626418.22.peg.402 K11891 impL; type VI secretion system protein ImpL 
fig|626418.22.peg.2485 K11904 
vgrG; type VI secretion system secreted protein 
VgrG 
fig|626418.22.peg.2486 K11896 impG; type VI secretion system protein ImpG 
fig|626418.22.peg.2800 K11904 
vgrG; type VI secretion system secreted protein 
VgrG 
fig|626418.22.peg.3920 K11892 impK; type VI secretion system protein ImpK 
fig|626418.22.peg.3922 K11901 impB; type VI secretion system protein ImpB 
fig|626418.22.peg.3923 K11900 impC; type VI secretion system protein ImpC 
fig|626418.22.peg.3924 K11903 
hcp; type VI secretion system secreted protein 
Hcp 
fig|626418.22.peg.3925 K11906 vasD; type VI secretion system protein VasD 
fig|626418.22.peg.3926 K11893 impJ; type VI secretion system protein ImpJ 
fig|626418.22.peg.3927 K11892 impK; type VI secretion system protein ImpK 
fig|626418.22.peg.3928 K11891 impL; type VI secretion system protein ImpL 
fig|626418.22.peg.3929 K11904 
vgrG; type VI secretion system secreted protein 
VgrG 
fig|626418.22.peg.3930 K11904 
vgrG; type VI secretion system secreted protein 
VgrG 
fig|626418.22.peg.3934 K11902 impA; type VI secretion system protein ImpA 
fig|626418.22.peg.3935 K11895 impH; type VI secretion system protein ImpH 
fig|626418.22.peg.3936 K11896 impG; type VI secretion system protein ImpG 
fig|626418.22.peg.3937 K11897 impF; type VI secretion system protein ImpF 
fig|626418.22.peg.3938 K11898 impE; type VI secretion system protein ImpE 




fig|626418.22.peg.3990 K11901 impB; type VI secretion system protein ImpB 
fig|626418.22.peg.3991 K11900 impC; type VI secretion system protein ImpC 
fig|626418.22.peg.3992 K11904 
vgrG; type VI secretion system secreted protein 
VgrG 
fig|626418.22.peg.3997 K11891 impL; type VI secretion system protein ImpL 
fig|626418.22.peg.4035 K11904 
vgrG; type VI secretion system secreted protein 
VgrG 
fig|626418.22.peg.4404 K11904 
vgrG; type VI secretion system secreted protein 
VgrG 
fig|626418.22.peg.4408 K11891 impL; type VI secretion system protein ImpL 
fig|626418.22.peg.4409 K11896 impG; type VI secretion system protein ImpG 
fig|626418.22.peg.4410 K11906 vasD; type VI secretion system protein VasD 
fig|626418.22.peg.4553 K11902 impA; type VI secretion system protein ImpA 
fig|626418.22.peg.4554 K11891 impL; type VI secretion system protein ImpL 
fig|626418.22.peg.4555 K11892 impK; type VI secretion system protein ImpK 
fig|626418.22.peg.4556 K11893 impJ; type VI secretion system protein ImpJ 
fig|626418.22.peg.4557 K11918 lip3; type VI secretion system protein 
fig|626418.22.peg.4563 K11895 impH; type VI secretion system protein ImpH 
fig|626418.22.peg.4564 K11895 impH; type VI secretion system protein ImpH 
fig|626418.22.peg.4565 K11896 impG; type VI secretion system protein ImpG 
fig|626418.22.peg.4567 K11903 
hcp; type VI secretion system secreted protein 
Hcp 
fig|626418.22.peg.4568 K11900 impC; type VI secretion system protein ImpC 
fig|626418.22.peg.4941 K11904 
vgrG; type VI secretion system secreted protein 
VgrG 
fig|626418.22.peg.4951 K11906 vasD; type VI secretion system protein VasD 
fig|626418.22.peg.4952 K11895 impH; type VI secretion system protein ImpH 
fig|626418.22.peg.4953 K11896 impG; type VI secretion system protein ImpG 
fig|626418.22.peg.4954 K11910 vasJ; type VI secretion system protein VasJ 
fig|626418.22.peg.4955 K11891 impL; type VI secretion system protein ImpL 
fig|626418.22.peg.4961 K11904 
vgrG; type VI secretion system secreted protein 
VgrG 
fig|626418.22.peg.4962 K11900 impC; type VI secretion system protein ImpC 
fig|626418.22.peg.4963 K11901 impB; type VI secretion system protein ImpB 
fig|626418.22.peg.4964 K11893 impJ; type VI secretion system protein ImpJ 
fig|626418.22.peg.4965 K11892 impK; type VI secretion system protein ImpK 
fig|626418.22.peg.4967 K11903 
hcp; type VI secretion system secreted protein 
Hcp 
fig|626418.22.peg.4968 K11907 vasG; type VI secretion system protein VasG 





Type II secretion system 
RAST ID KEGG KO Protein  
fig|1.648.peg.1049 K02463 gspN; general secretion pathway protein N 
fig|1.648.peg.1050 K02462 gspM; general secretion pathway protein M 
fig|1.648.peg.1051 K02461 gspL; general secretion pathway protein L 
fig|1.648.peg.1052 K02460 gspK; general secretion pathway protein K 
fig|1.648.peg.1053 K02459 gspJ; general secretion pathway protein J 
fig|1.648.peg.1054 K02458 gspI; general secretion pathway protein I 
fig|1.648.peg.1055 K02457 gspH; general secretion pathway protein H 
fig|1.648.peg.1056 K02456 gspG; general secretion pathway protein G 
fig|1.648.peg.1057 K02452 gspC; general secretion pathway protein C 
fig|1.648.peg.1058 K02455 gspF; general secretion pathway protein F 
fig|1.648.peg.1059 K02454 gspE; general secretion pathway protein E 
fig|1.648.peg.1060 K02453 gspD; general secretion pathway protein D 
fig|1.648.peg.4107 K02458 gspI; general secretion pathway protein I 
fig|1.648.peg.6403 K02458 gspI; general secretion pathway protein I 
      
      
Type III secretion system 
RAST ID KEGG KO Protein  
fig|1.648.peg.3602 K03219 yscC; type III secretion protein C 
fig|1.648.peg.3604 K03228 yscT; type III secretion protein T 
fig|1.648.peg.3606 K03224 
yscN; ATP synthase in type III secretion protein N 
[EC:3.6.3.50] 
fig|1.648.peg.3609 K03222 yscJ; type III secretion protein J 
fig|1.648.peg.3610 K18374 hrpB2; type III secretion inner rod protein HrpB2 
fig|1.648.peg.3611 K18373 hrpB1; type III secretion protein HrpB1 
fig|1.648.peg.3613 K03229 yscU; type III secretion protein U 
fig|1.648.peg.3614 K03230 yscV; type III secretion protein V 
fig|1.648.peg.3615 K18381 hpaC; type III secretion control protein HpaP 
fig|1.648.peg.3617 K03226 yscR; type III secretion protein R 
fig|1.648.peg.3618 K03227 yscS; type III secretion protein S 
fig|1.648.peg.3621 K03220 yscD; type III secretion protein D 
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Type VI secretion system 
RAST ID KEGG KO Protein  
fig|1.648.peg.1405 K11892 impK; type VI secretion system protein ImpK 
fig|1.648.peg.1406 K11893 impJ; type VI secretion system protein ImpJ 
fig|1.648.peg.1407 K11906 vasD; type VI secretion system protein VasD 
fig|1.648.peg.1409 K11901 impB; type VI secretion system protein ImpB 
fig|1.648.peg.1410 K11900 impC; type VI secretion system protein ImpC 
fig|1.648.peg.1411 K11903 hcp; type VI secretion system secreted protein Hcp 
fig|1.648.peg.1412 K11897 impF; type VI secretion system protein ImpF 
fig|1.648.peg.1413 K11896 impG; type VI secretion system protein ImpG 
fig|1.648.peg.1414 K11895 impH; type VI secretion system protein ImpH 
fig|1.648.peg.1415 K11907 vasG; type VI secretion system protein VasG 
fig|1.648.peg.1416 K11902 impA; type VI secretion system protein ImpA 
fig|1.648.peg.1418 K11890 impM; type VI secretion system protein ImpM 
fig|1.648.peg.1419 K11891 impL; type VI secretion system protein ImpL 
fig|1.648.peg.2957 K11904 vgrG; type VI secretion system secreted protein VgrG 
fig|1.648.peg.3592 K11904 vgrG; type VI secretion system secreted protein VgrG 
fig|1.648.peg.3630 K11891 impL; type VI secretion system protein ImpL 
fig|1.648.peg.3636 K11904 vgrG; type VI secretion system secreted protein VgrG 
fig|1.648.peg.3637 K11900 impC; type VI secretion system protein ImpC 
fig|1.648.peg.3638 K11901 impB; type VI secretion system protein ImpB 
fig|1.648.peg.3702 K11907 vasG; type VI secretion system protein VasG 
fig|1.648.peg.3704 K11898 impE; type VI secretion system protein ImpE 
fig|1.648.peg.3705 K11897 impF; type VI secretion system protein ImpF 
fig|1.648.peg.3706 K11896 impG; type VI secretion system protein ImpG 
fig|1.648.peg.3707 K11895 impH; type VI secretion system protein ImpH 
fig|1.648.peg.3708 K11902 impA; type VI secretion system protein ImpA 
fig|1.648.peg.3712 K11904 vgrG; type VI secretion system secreted protein VgrG 
fig|1.648.peg.3713 K11891 impL; type VI secretion system protein ImpL 
fig|1.648.peg.3714 K11892 impK; type VI secretion system protein ImpK 
fig|1.648.peg.3715 K11893 impJ; type VI secretion system protein ImpJ 
fig|1.648.peg.3716 K11906 vasD; type VI secretion system protein VasD 
fig|1.648.peg.3717 K11903 hcp; type VI secretion system secreted protein Hcp 
fig|1.648.peg.3718 K11900 impC; type VI secretion system protein ImpC 
fig|1.648.peg.3719 K11901 impB; type VI secretion system protein ImpB 
fig|1.648.peg.3721 K11892 impK; type VI secretion system protein ImpK 
fig|1.648.peg.4077 K11904 vgrG; type VI secretion system secreted protein VgrG 




fig|1.648.peg.5240 K11907 vasG; type VI secretion system protein VasG 
fig|1.648.peg.5241 K11903 hcp; type VI secretion system secreted protein Hcp 
fig|1.648.peg.5243 K11892 impK; type VI secretion system protein ImpK 
fig|1.648.peg.5244 K11893 impJ; type VI secretion system protein ImpJ 
fig|1.648.peg.5246 K11901 impB; type VI secretion system protein ImpB 
fig|1.648.peg.5247 K11900 impC; type VI secretion system protein ImpC 
fig|1.648.peg.5248 K11904 vgrG; type VI secretion system secreted protein VgrG 
fig|1.648.peg.5256 K11891 impL; type VI secretion system protein ImpL 
fig|1.648.peg.5257 K11910 vasJ; type VI secretion system protein VasJ 
fig|1.648.peg.5258 K11896 impG; type VI secretion system protein ImpG 
fig|1.648.peg.5259 K11895 impH; type VI secretion system protein ImpH 
fig|1.648.peg.5260 K11906 vasD; type VI secretion system protein VasD 
fig|1.648.peg.5270 K11904 vgrG; type VI secretion system secreted protein VgrG 
fig|1.648.peg.5720 K11900 impC; type VI secretion system protein ImpC 
fig|1.648.peg.5721 K11903 hcp; type VI secretion system secreted protein Hcp 
fig|1.648.peg.5723 K11896 impG; type VI secretion system protein ImpG 
fig|1.648.peg.5724 K11895 impH; type VI secretion system protein ImpH 
fig|1.648.peg.5725 K11904 vgrG; type VI secretion system secreted protein VgrG 
fig|1.648.peg.5730 K11918 lip3; type VI secretion system protein 
fig|1.648.peg.5731 K11893 impJ; type VI secretion system protein ImpJ 
fig|1.648.peg.5732 K11892 impK; type VI secretion system protein ImpK 
fig|1.648.peg.5733 K11891 impL; type VI secretion system protein ImpL 
fig|1.648.peg.5734 K11902 impA; type VI secretion system protein ImpA 
fig|1.648.peg.5827 K11904 vgrG; type VI secretion system secreted protein VgrG 
fig|1.648.peg.5894 K11906 vasD; type VI secretion system protein VasD 
fig|1.648.peg.5895 K11896 impG; type VI secretion system protein ImpG 
fig|1.648.peg.5896 K11891 impL; type VI secretion system protein ImpL 
fig|1.648.peg.5911 K11904 vgrG; type VI secretion system secreted protein VgrG 
fig|1.648.peg.6299 K11904 vgrG; type VI secretion system secreted protein VgrG 









Type II secretion system 
RAST ID KEGG KO Protein  
fig|6666666.380313.peg.
2242 K02463 gspN; general secretion pathway protein N 
fig|6666666.380313.peg.
2243 K02462 gspM; general secretion pathway protein M 
fig|6666666.380313.peg.
2244 K02461 gspL; general secretion pathway protein L 
fig|6666666.380313.peg.
2245 K02460 gspK; general secretion pathway protein K 
fig|6666666.380313.peg.
2246 K02459 gspJ; general secretion pathway protein J 
fig|6666666.380313.peg.
2247 K02458 gspI; general secretion pathway protein I 
fig|6666666.380313.peg.
2248 K02457 gspH; general secretion pathway protein H 
fig|6666666.380313.peg.
2249 K02456 gspG; general secretion pathway protein G 
fig|6666666.380313.peg.
2250 K02452 gspC; general secretion pathway protein C 
fig|6666666.380313.peg.
2251 K02455 gspF; general secretion pathway protein F 
fig|6666666.380313.peg.
2252 K02454 gspE; general secretion pathway protein E 
fig|6666666.380313.peg.
2253 K02453 gspD; general secretion pathway protein D 
fig|6666666.380313.peg.
2672 K02654 
pilD; leader peptidase (prepilin peptidase) / N-
methyltransferase  
fig|6666666.380313.peg.
4391 K02458 gspI; general secretion pathway protein I 
      
      
Type III secretion system 
RAST ID 
KEGG 
KO Protein  
fig|6666666.380313.peg.
4874 K03220 yscD; type III secretion protein D 
fig|6666666.380313.peg.





9 K03226 yscR; type III secretion protein R 
fig|6666666.380313.peg.488
1 K18381 hpaC; type III secretion control protein HpaP 
fig|6666666.380313.peg.488
2 K03230 yscV; type III secretion protein V 
fig|6666666.380313.peg.488
3 K03229 yscU; type III secretion protein U 
fig|6666666.380313.peg.488
4 K18373 hrpB1; type III secretion protein HrpB1 
fig|6666666.380313.peg.488
5 K18374 hrpB2; type III secretion inner rod protein HrpB2 
fig|6666666.380313.peg.488
6 K03222 yscJ; type III secretion protein J 
fig|6666666.380313.peg.488
9 K03224 yscN; ATP synthase in type III secretion protein N 
fig|6666666.380313.peg.489
1 K03228 yscT; type III secretion protein T 
fig|6666666.380313.peg.489
3 K03219 yscC; type III secretion protein C 
      
      
Type VI secretion system 
RAST ID 
KEGG 
KO Protein  
fig|6666666.380313.peg.28 K11896 impG; type VI secretion system protein ImpG 
fig|6666666.380313.peg.29 K11904 
vgrG; type VI secretion system secreted protein 
VgrG 
fig|6666666.380313.peg.139 K11903 hcp; type VI secretion system secreted protein Hcp 
fig|6666666.380313.peg.145 K11904 








vgrG; type VI secretion system secreted protein 
VgrG 
fig|6666666.380313.peg.257
4 K11892 impK; type VI secretion system protein ImpK 
fig|6666666.380313.peg.257




































































































































































































































































































































APPENDIX B. List of the differential expressed genes (DEGs) between 336gr-1 (wild type) 
and LSUPB139 (DtofI-tofR). The gene ID for prtA is highlighted in the table 
 
Locus_tag logFC logCPM PValue FDR 
bglu_1g01930 -1.7762003 5.00926317 0.01466269 0.04939906 
bglu_1g01940 1.93688773 7.04141008 0.00254573 0.04080611 
bglu_1g04140 3.97046193 8.15531966 9.30E-84 1.09E-81 
bglu_1g05400 1.86713698 3.85326151 0.00011876 0.0028539 
bglu_1g05530 1.1861219 6.86227084 8.53E-06 6.86E-05 
bglu_1g05590 1.96496059 10.0557194 8.92E-109 1.52E-106 
bglu_1g06960 -4.7190464 8.97552214 1.36E-88 1.64E-86 
bglu_1g08360 -2.8322865 10.2248428 1.92E-132 4.52E-130 
bglu_1g08370 -2.3644635 8.79129647 2.52E-40 1.21E-38 
bglu_1g08430 -5.0052207 10.3422115 4.72E-234 2.12E-231 
bglu_1g08680 -3.1058442 6.53935683 2.36E-12 3.77E-11 
bglu_1g09790 -1.7754832 4.68852145 0.00240293 0.03913666 
bglu_1g10070 1.10239098 7.87374138 2.45E-09 3.00E-08 
bglu_1g10080 1.05443556 7.44070589 0.0002419 0.00526101 
bglu_1g10090 1.42825255 5.71653301 8.28E-06 0.00025235 
bglu_1g10100 1.22851704 7.33755512 0.0003965 0.00829456 
bglu_1g10110 1.43615247 7.41011572 5.86E-11 8.64E-10 
bglu_1g10120 1.5880729 8.20733981 1.38E-21 3.64E-20 
bglu_1g10130 1.2319285 6.01990006 0.00246566 0.03991141 
bglu_1g10140 1.36034508 6.58571862 0.00066171 0.01291249 
bglu_1g10680 -1.1486911 4.39328753 0.00201946 0.0336827 
bglu_1g10690 -1.4627508 6.29860138 0.00037573 0.00211601 
bglu_1g10700 -2.0705589 6.04860838 1.94E-05 0.00014667 
bglu_1g10710 -2.8253563 5.79335943 1.08E-06 1.02E-05 
bglu_1g10720 -2.0943909 5.23161518 0.00143642 0.00694857 
bglu_1g10740 -1.2772812 6.16115166 0.00187374 0.00874708 
bglu_1g11740 -2.631579 1.05630073 0.0002383 0.00522455 
bglu_1g13530 1.8053985 7.06863999 8.25E-07 3.06E-05 
bglu_1g14790 -4.7446947 7.49643596 1.80E-32 6.39E-31 
bglu_1g16380 1.29315252 9.6695379 3.05E-39 1.38E-37 
bglu_1g16550 -1.4461853 6.08714168 0.0013098 0.00642413 
bglu_1g16590 -4.8935834 9.14385097 5.75E-102 8.60E-100 
bglu_1g16610 -2.3048204 4.64671065 0.01274357 0.04392218 




bglu_1g16630 -8.3170618 6.59366895 1.10E-20 2.69E-19 
bglu_1g16650 -3.3880254 6.2652665 5.94E-11 8.73E-10 
bglu_1g16730 -7.2020682 5.59403182 2.88E-10 3.92E-09 
bglu_1g16890 -3.5419092 9.47874916 1.42E-100 2.00E-98 
bglu_1g16900 -3.7363496 9.32712459 5.06E-95 6.58E-93 
bglu_1g16910 -2.9380117 8.99125108 1.24E-59 9.92E-58 
bglu_1g16920 -2.9560795 8.28881075 2.73E-37 1.14E-35 
bglu_1g16930 -2.8734662 8.42988979 4.08E-40 1.88E-38 
bglu_1g16940 -2.6086074 8.54472374 2.87E-38 1.24E-36 
bglu_1g16950 -1.7471727 7.12426041 5.24E-09 6.21E-08 
bglu_1g16960 -2.0656132 6.33093683 9.88E-07 9.35E-06 
bglu_1g16970 -3.6463861 7.708484 2.12E-30 7.31E-29 
bglu_1g16980 -3.4418134 9.05041528 2.87E-73 2.84E-71 
bglu_1g16990 -3.3977044 7.17841443 2.44E-20 5.86E-19 
bglu_1g17000 -4.2065466 7.92529266 3.58E-40 1.69E-38 
bglu_1g17010 -5.0898432 9.07883348 8.46E-100 1.16E-97 
bglu_1g17020 -4.2288872 7.94632764 5.97E-41 2.92E-39 
bglu_1g17030 -2.9190578 7.29797473 7.39E-19 1.62E-17 
bglu_1g18020 1.88866603 6.54044544 7.25E-10 9.40E-09 
bglu_1g18030 3.10519883 5.69786125 2.10E-11 3.16E-10 
bglu_1g18040 2.17770359 5.74668468 4.41E-07 4.35E-06 
bglu_1g18050 2.53854457 5.79404957 2.46E-09 3.00E-08 
bglu_1g18060 3.27308775 8.32630696 3.36E-75 3.39E-73 
bglu_1g18240 -1.3974258 6.42411476 0.00018572 0.00114805 
bglu_1g18330 4.26212889 5.00966297 9.42E-10 1.20E-08 
bglu_1g19030 -1.104078 6.93977312 0.00292509 0.04584499 
bglu_1g19040 -1.3341255 6.67199386 9.52E-05 0.0006242 
bglu_1g19050 -1.3394802 8.18713657 4.57E-12 7.10E-11 
bglu_1g19060 -1.0368575 8.086591 8.57E-08 9.02E-07 
bglu_1g19070 -1.0616985 8.10542332 4.05E-08 4.41E-07 
bglu_1g19110 -1.7325659 7.23113139 1.59E-09 1.99E-08 
bglu_1g19130 -1.709706 5.42425618 0.00394854 0.01665401 
bglu_1g19150 -1.6179399 7.24822771 1.17E-08 1.34E-07 
bglu_1g19160 -2.1510185 7.79254743 3.32E-18 7.12E-17 
bglu_1g19170 -1.5542626 7.4826006 1.17E-09 1.47E-08 
bglu_1g19190 -2.9333739 5.08721587 0.00031207 0.00178808 




bglu_1g19840 -1.4305585 9.65019364 1.87E-34 7.22E-33 
bglu_1g21340 -1.0693461 6.92656396 0.00029859 0.00172962 
bglu_1g21410 -1.6468179 7.46807823 3.28E-10 4.44E-09 
bglu_1g21490 1.28147603 11.2374932 1.13E-106 1.85E-104 
bglu_1g21860 1.23793717 8.10076062 0.00011966 0.0028539 
bglu_1g22200 -4.3253626 7.64546865 1.51E-33 5.57E-32 
bglu_1g22630 -1.6378227 6.23147779 8.89E-05 0.00058907 
bglu_1g22640 -7.0717565 5.48302742 2.12E-09 2.60E-08 
bglu_1g22650 -6.0306398 7.81513463 8.90E-45 4.94E-43 
bglu_1g22660 -5.0352827 4.00931178 0.00781784 0.0292075 
bglu_1g22710 -2.2504865 8.37690058 1.45E-28 4.71E-27 
bglu_1g22990 -4.7341344 9.20605198 3.43E-104 5.29E-102 
bglu_1g23010 -5.455434 8.72519858 5.36E-81 5.88E-79 
bglu_1g23020 -5.2737827 9.25720115 1.60E-114 3.03E-112 
bglu_1g23030 -5.5047286 8.77298783 1.32E-83 1.52E-81 
bglu_1g23040 -7.1275867 8.8804222 9.13E-99 1.22E-96 
bglu_1g23050 -10.496222 8.68817574 8.96E-91 1.13E-88 
bglu_1g23060 -3.6124987 6.9884093 1.67E-18 3.63E-17 
bglu_1g23070 -9.1947009 7.42318144 7.87E-38 3.35E-36 
bglu_1g23080 -4.9963862 6.83868355 4.63E-21 1.17E-19 
bglu_1g23090 -9.3850796 7.60622963 1.13E-42 5.84E-41 
bglu_1g23100 -5.9944672 7.7804092 2.12E-43 1.12E-41 
bglu_1g23110 -8.2880077 6.56671533 4.08E-20 9.59E-19 
bglu_1g23120 -3.7791941 8.2968378 1.05E-47 6.20E-46 
bglu_1g23130 -4.517738 7.82659831 4.59E-39 2.06E-37 
bglu_1g23140 -4.5252214 9.50689396 8.62E-125 1.77E-122 
bglu_1g23150 -3.9617619 7.69607748 1.16E-32 4.19E-31 
bglu_1g23160 -8.0818981 9.8187132 1.02E-191 2.95E-189 
bglu_1g23170 -6.3900402 10.0364868 2.28E-211 8.03E-209 
bglu_1g23180 -3.5000421 6.36252339 3.36E-12 5.32E-11 
bglu_1g23190 -4.3582861 8.3763603 3.57E-56 2.59E-54 
bglu_1g26010 -2.8816425 6.72150244 2.51E-12 4.00E-11 
bglu_1g26020 -3.3417844 8.07617924 1.83E-36 7.35E-35 
bglu_1g31220 1.32986005 9.62761995 3.49E-40 1.66E-38 
bglu_1g31390 -1.6230695 5.3628691 0.00906916 0.03330303 
bglu_1g31420 1.55708813 6.04922568 2.97E-05 0.00021934 




bglu_1g31470 2.96329267 7.63561952 1.00E-40 4.84E-39 
bglu_1g31480 2.30548257 6.9064006 3.97E-17 8.04E-16 
bglu_1g31950 1.38818376 9.01679754 4.51E-29 1.52E-27 
bglu_1g32110 -0.9967146 6.42418733 0.00548207 0.02176521 
bglu_1g32670 -3.8990088 8.1950815 3.28E-45 1.84E-43 
bglu_1g33050 -1.233323 7.31466144 2.97E-06 2.59E-05 
bglu_1g33070 -1.1456413 7.78127661 1.69E-07 1.74E-06 
bglu_1g33120 -1.2623217 7.92608727 1.57E-09 1.97E-08 
bglu_1p0350 -7.0019033 5.4241472 8.01E-09 9.22E-08 
bglu_1p0360 -6.6827865 5.16116665 4.20E-07 4.15E-06 
bglu_1p0370 -9.2102713 7.43811841 2.77E-37 1.15E-35 
bglu_1p0460 -5.6967614 4.42430883 0.00024461 0.00144857 
bglu_1p0470 -6.1485871 4.7461965 7.65E-05 0.0005123 
bglu_1p0480 -6.4921461 5.00919049 3.00E-06 2.60E-05 
bglu_1p0490 -5.5080844 4.29879143 0.00097787 0.00490825 
bglu_1p0510 -2.4543436 4.74623285 0.00443372 0.01817272 
bglu_1p0540 -5.5080844 4.29879143 0.00097787 0.00490825 
bglu_1p0790 -7.804426 6.12438514 6.37E-15 1.14E-13 
bglu_1p0800 -7.0717565 5.48302742 2.12E-09 2.60E-08 
bglu_1p0810 -5.5080844 4.29879143 0.00097787 0.00490825 
bglu_1p0890 -9.0113233 7.24775697 1.04E-32 3.78E-31 
bglu_1p1010 -3.643296 5.6465221 1.04E-07 1.09E-06 
bglu_1p1060 -1.7991607 5.83922229 0.00030837 0.00177512 
bglu_1p1190 2.8998739 4.16148317 0.00342262 0.01472502 
bglu_1p1260 2.6695806 4.6469651 0.000222 0.00134039 
bglu_1p1340 1.25372512 5.88407509 0.00155904 0.00745413 
bglu_1p1370 1.44227303 6.51229935 1.97E-06 1.78E-05 
bglu_1p1380 1.29058658 5.79386792 0.00185457 0.00867396 
bglu_2g02640 1.02457275 9.52498726 4.53E-23 1.27E-21 
bglu_2g02650 1.30479143 9.41229951 1.46E-33 5.41E-32 
bglu_2g02690 -2.5487171 7.67123012 7.07E-21 1.76E-19 
bglu_2g02700 -7.9598831 6.26519392 1.22E-16 2.42E-15 
bglu_2g02710 -6.6284262 9.314627 1.28E-129 2.75E-127 
bglu_2g02720 -9.4520957 7.67086859 7.93E-44 4.26E-42 
bglu_2g02730 -4.7582896 6.62016401 7.53E-18 1.58E-16 
bglu_2g02740 -3.3977044 7.17841443 2.44E-20 5.86E-19 




bglu_2g02760 -2.0202107 6.00909347 3.05E-05 0.0002241 
bglu_2g02770 -4.1169757 6.04849947 6.57E-11 9.58E-10 
bglu_2g02780 -6.6827865 5.16116665 4.20E-07 4.15E-06 
bglu_2g02790 -3.2923781 5.36279644 1.10E-05 8.65E-05 
bglu_2g02800 -6.2724223 4.83929243 4.02E-05 0.00028449 
bglu_2g02810 -7.5344586 5.88345771 4.46E-12 6.95E-11 
bglu_2g02920 -1.5308959 5.29875224 0.01356784 0.0462787 
bglu_2g05000 -5.5080844 4.29879143 0.00097787 0.00490825 
bglu_2g05010 -3.3837712 7.46771637 1.66E-24 4.78E-23 
bglu_2g05020 -5.2909659 4.16130139 0.00195527 0.00890875 
bglu_2g05030 -2.3048204 4.64671065 0.01274357 0.04392218 
bglu_2g05250 -3.6039845 6.45363097 1.44E-12 2.34E-11 
bglu_2g05260 -2.5087322 6.69689008 1.04E-10 1.48E-09 
bglu_2g05660 -2.6215944 6.7930517 4.97E-12 7.67E-11 
bglu_2g05670 -8.2880077 6.56671533 4.08E-20 9.59E-19 
bglu_2g05680 -2.8253563 5.79335943 1.08E-06 1.02E-05 
bglu_2g05690 -2.2560285 6.19665322 7.38E-07 7.09E-06 
bglu_2g05700 -7.8448887 6.16089758 3.30E-15 6.06E-14 
bglu_2g05710 -1.5985394 5.96850125 0.00069122 0.0036552 
bglu_2g05720 -5.5219605 7.33018844 1.01E-30 3.51E-29 
bglu_2g05730 -5.5313876 8.24669657 2.40E-58 1.88E-56 
bglu_2g05740 -6.1340147 7.91455041 5.93E-48 3.53E-46 
bglu_2g05750 -5.470219 7.28131897 2.92E-30 1.00E-28 
bglu_2g05760 -5.756026 7.55238039 2.25E-36 8.96E-35 
bglu_2g05770 -4.789476 7.53862411 8.24E-34 3.13E-32 
bglu_2g05780 -4.0589363 6.8610742 1.73E-18 3.75E-17 
bglu_2g05790 -6.4921461 5.00919049 3.00E-06 2.60E-05 
bglu_2g05800 -4.5343895 8.54425609 1.50E-64 1.40E-62 
bglu_2g06340 -3.9516063 7.29786612 6.44E-25 1.92E-23 
bglu_2g06350 -7.5493482 9.29430782 4.41E-132 9.90E-130 
bglu_2g06360 -6.8614811 10.4997359 3.23E-296 1.99E-293 
bglu_2g06370 -9.6246998 7.83779193 2.39E-50 1.54E-48 
bglu_2g06380 -8.2280832 6.51124706 2.90E-19 6.43E-18 
bglu_2g06390 -1.4227926 5.83925861 0.00462624 0.01879029 
bglu_2g06400 -10.469189 12.1700429 0 0 
bglu_2g06410 -10.317013 12.0209808 0 0 




bglu_2g06430 -8.5280868 10.2589153 1.92E-261 1.05E-258 
bglu_2g06440 -6.8761126 10.1145491 2.98E-227 1.23E-224 
bglu_2g06450 -8.454154 6.72135741 5.73E-23 1.59E-21 
bglu_2g06820 2.28819701 4.83961955 0.00053556 0.00291956 
bglu_2g06860 -1.682003 6.26541167 3.94E-05 0.00028183 
bglu_2g06870 -4.0039738 7.346189 3.34E-26 1.04E-24 
bglu_2g06880 -8.427758 6.69670877 1.11E-22 3.02E-21 
bglu_2g06890 -4.3637887 6.26523021 1.55E-12 2.51E-11 
bglu_2g06900 -7.4319414 5.79328681 3.14E-11 4.66E-10 
bglu_2g06910 -6.5906129 5.08717953 1.56E-06 1.43E-05 
bglu_2g06980 -1.5308959 5.29875224 0.01356784 0.0462787 
bglu_2g07040 -1.8902411 5.08725221 0.00594045 0.02328564 
bglu_2g07060 -6.928495 5.36276011 1.55E-08 1.76E-07 
bglu_2g07570 -2.0943909 5.23161518 0.00143642 0.00694857 
bglu_2g07580 -1.7139947 6.96821229 5.93E-08 6.36E-07 
bglu_2g08910 -2.7758829 6.92623773 8.56E-14 1.45E-12 
bglu_2g08930 -5.8635926 4.53977257 0.00051996 0.00284081 
bglu_2g08940 -2.2033434 5.79339575 6.23E-05 0.00042428 
bglu_2g08960 -5.2909659 4.16130139 0.00195527 0.00890875 
bglu_2g09640 -1.4645952 5.59417711 0.00794723 0.02965106 
bglu_2g09670 -5.8635926 4.53977257 0.00051996 0.00284081 
bglu_2g09680 -1.6230695 5.3628691 0.00906916 0.03330303 
bglu_2g09850 -9.3433229 7.5660058 2.99E-41 1.48E-39 
bglu_2g09860 -5.302832 7.12389816 3.66E-26 1.13E-24 
bglu_2g09870 -8.2280832 6.51124706 2.90E-19 6.43E-18 
bglu_2g09880 -7.4841104 5.83907704 1.64E-11 2.49E-10 
bglu_2g09890 -4.4607609 7.23076925 7.80E-26 2.38E-24 
bglu_2g09900 -3.2329997 7.57975597 2.19E-25 6.58E-24 
bglu_2g09910 -5.9293348 10.8720621 0 0 
bglu_2g09920 -5.0778447 8.36071793 1.72E-60 1.44E-58 
bglu_2g09930 -4.0770778 7.8037607 2.98E-36 1.18E-34 
bglu_2g09940 -6.188398 7.96695127 3.71E-50 2.35E-48 
bglu_2g09950 -5.5630187 9.22750948 1.57E-114 3.03E-112 
bglu_2g09960 -5.5746741 8.2884504 1.60E-60 1.36E-58 
bglu_2g10050 -1.4310798 6.74595414 1.59E-05 0.00012118 
bglu_2g10055 -6.0131158 4.6466743 0.00027537 0.00160762 




bglu_2g10080 -1.995924 5.16123932 0.00373048 0.0158835 
bglu_2g10570 -2.273201 5.36283277 0.00082532 0.00426388 
bglu_2g10820 -1.3574316 8.37740502 5.02E-14 8.57E-13 
bglu_2g10850 1.36492836 6.54030025 7.07E-06 5.80E-05 
bglu_2g10890 -2.827691 5.00922683 0.00091362 0.00466634 
bglu_2g11550 -5.2909659 4.16130139 0.00195527 0.00890875 
bglu_2g11820 -3.2141608 7.31422695 3.20E-21 8.16E-20 
bglu_2g13330 -1.8430291 6.59392284 3.99E-07 3.97E-06 
bglu_2g13340 -2.330472 7.73316338 1.47E-19 3.34E-18 
bglu_2g13680 -1.7071017 9.39496873 2.10E-38 9.20E-37 
bglu_2g14470 -9.4651333 7.68345529 2.16E-44 1.17E-42 
bglu_2g14480 -9.2559989 7.48202167 1.07E-38 4.75E-37 
bglu_2g14490 -8.1332539 6.4238245 7.57E-18 1.58E-16 
bglu_2g14970 -1.1908908 7.8160019 4.83E-08 5.21E-07 
bglu_2g14990 -1.1564799 6.53961077 0.00085727 0.00440588 
bglu_2g15435 -2.7361376 8.65180501 5.00E-06 0.00016148 
bglu_2g16610 -5.8635926 4.53977257 0.00051996 0.00284081 
bglu_2g16620 -4.0243366 5.96835602 7.24E-10 9.40E-09 
bglu_2g16630 -2.4543436 4.74623285 0.00443372 0.01817272 
bglu_2g16640 -3.2665736 6.16097017 1.00E-09 1.27E-08 
bglu_2g16650 -3.0318408 5.16120298 0.00018084 0.00112208 
bglu_2g16660 -3.1986396 6.62023654 9.51E-13 1.56E-11 
bglu_2g16670 -4.5414344 6.42386078 6.63E-15 1.17E-13 
bglu_2g16680 -2.5056812 5.53967014 7.08E-05 0.00047563 
bglu_2g16690 -7.4319414 5.79328681 3.14E-11 4.66E-10 
bglu_2g16700 -3.4431311 5.48306375 1.96E-06 1.77E-05 
bglu_2g16710 -4.7582896 6.62016401 7.53E-18 1.58E-16 
bglu_2g17085 -1.2862274 6.98877171 1.20E-05 9.37E-05 
bglu_2g17390 1.98636578 6.99000456 4.33E-14 7.42E-13 
bglu_2g17480 -2.7851717 6.26530279 7.76E-09 8.95E-08 
bglu_2g17490 -3.360809 7.69614978 2.02E-28 6.52E-27 
bglu_2g17500 -4.9160387 7.65824318 1.00E-36 4.05E-35 
bglu_2g17510 -5.4776688 8.19493728 1.54E-56 1.14E-54 
bglu_2g17520 -5.3648954 8.63753995 1.10E-75 1.14E-73 
bglu_2g17530 -9.8401746 8.04697911 1.90E-57 1.47E-55 
bglu_2g17540 -4.2306492 8.25525299 1.08E-50 7.00E-49 




bglu_2g17560 -3.0735369 6.51135588 7.12E-12 1.09E-10 
bglu_2g18620 -1.2040117 6.92652771 6.44E-05 0.00043835 
bglu_2g18630 -5.6382883 10.0844322 4.32E-208 1.42E-205 
bglu_2g18640 -5.0844787 9.54502566 7.75E-137 2.01E-134 
bglu_2g18780 -7.4264392 6.05904163 9.51E-11 6.02E-09 
bglu_2g18790 -7.566543 9.65758134 1.78E-10 1.08E-08 
bglu_2g18810 -1.2901572 6.88344959 2.84E-05 0.00021051 
bglu_2g18820 -2.1745599 8.44502459 7.86E-29 2.62E-27 
bglu_2g19020 -1.029011 7.16097683 0.00019296 0.0011839 
bglu_2g19200 -2.164545 7.80412205 2.10E-18 4.52E-17 
bglu_2g19380 -1.8902411 5.08725221 0.00594045 0.02328564 
bglu_2g19390 -2.4243934 5.96842863 2.09E-06 1.87E-05 
bglu_2g19490 -1.1839441 7.10580307 3.08E-05 0.00022608 
bglu_2g19520 2.58449809 4.00945721 0.01172924 0.04088266 
bglu_2g20050 -2.3048204 4.64671065 0.01274357 0.04392218 
bglu_2g20120 -3.2106508 5.29867957 3.42E-05 0.00024707 
bglu_2g20890 1.20561762 5.36315978 0.01389628 0.04717095 
bglu_2g20970 2.58449809 4.00945721 0.01172924 0.04088266 
bglu_2g20990 -1.9421862 5.59414078 0.0004336 0.00241438 
bglu_2g21000 -1.2226277 5.69727999 0.01139691 0.04037972 
bglu_2g21210 1.38096468 7.9280395 3.77E-14 6.50E-13 
bglu_2g21220 1.31758548 6.64723411 6.45E-06 5.33E-05 
bglu_2g21400 1.31624799 9.86593524 3.83E-46 2.20E-44 
bglu_2p0180 -7.2630604 5.64648578 7.59E-11 1.10E-09 
bglu_2p0240 -6.1485871 4.7461965 7.65E-05 0.0005123 
bglu_2p0280 -7.1383831 5.53959749 5.61E-10 7.35E-09 
bglu_2p0520 -6.2724223 4.83929243 4.02E-05 0.00028449 
bglu_2p0540 -9.1947009 7.42318144 7.87E-38 3.35E-36 
bglu_2p0550 -8.454154 6.72135741 5.73E-23 1.59E-21 
bglu_2p0560 -7.3215784 5.6970984 1.99E-11 3.00E-10 
bglu_2p0570 -8.7165026 6.9678499 5.44E-27 1.70E-25 
bglu_2p0580 -8.7804839 7.02835124 2.06E-28 6.60E-27 
bglu_2p0590 -10.356276 8.55094944 2.56E-82 2.88E-80 
bglu_2p0600 -9.6362731 7.84900587 6.47E-51 4.26E-49 
bglu_2p0610 -9.9275449 8.13202688 2.09E-61 1.81E-59 
bglu_2p0620 -10.247291 8.4442326 1.12E-76 1.18E-74 




bglu_2p0640 -6.6827865 5.16116665 4.20E-07 4.15E-06 
bglu_2p0650 -7.9962642 6.29834735 3.24E-17 6.61E-16 
bglu_2p0700 -7.5831088 5.92651299 1.21E-12 1.97E-11 
bglu_2p0720 -5.6967614 4.42430883 0.00024461 0.00144857 
bglu_2p0730 -6.1485871 4.7461965 7.65E-05 0.0005123 
bglu_2p0890 2.58449809 4.00945721 0.01172924 0.04088266 
bglu_2p0940 -5.6967614 4.42430883 0.00024461 0.00144857 
bglu_2p1060 -1.8902411 5.08725221 0.00594045 0.02328564 
bglu_2p1150 -6.4921461 5.00919049 3.00E-06 2.60E-05 
bglu_3p0020 1.011527 6.77054915 0.00035767 0.0020235 
bglu_3p0090 -8.938405 7.17826956 5.21E-31 1.82E-29 
bglu_3p0180 -5.6967614 4.42430883 0.00024461 0.00144857 
bglu_3p0320 -3.4070106 2.28555572 2.31E-09 1.20E-07 
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